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1. Introduction

Molecular-based ferromagnets, synthetic metallic conduciors, aon-linear optical materials, and
ferroelectrics are some important applicatians of low dimensianal caordination potymers. It
should be possible 10 modify the:bulk magnetic, electrical and optical properties of such
materials by the careful design of the corresponding constiruent molecules. A recent review by
Chen and Suslick! presents examples of some applications mentianed above and focuses on the
correlation between the molecular structure and the bulk properies of these materals.
Generatly, coordination polymers are conceivable by the combination of polydentate ligands
with suitable transition metals.

At the University of Neuchatel Wemer Many developed the ariginal idea of using
tewrasubstinuted pyrazines as potentially bis(tridentate) chelatng ligands with first row
transition metals to form such caardination polymers. Marty wanted to form what he called a
*columnane”, in which tbe bridging ligands along the chain would be mutually perpendicular to
one another. A number of coordination polymers have been formed from the reaction of
transition metal salts with pyrazine-2.3.5 6-tetracarboxylic acid? (Hgpzte) and with
tetrakis(aminomethyl)-2.3.5.6-pyrazine®»* (tamp). In this wark we wanted to continue these
investigations on the coordination behaviour of such polydentate N-donar ligands wath she goal
of obtaining the corresponding coordination polymers. At first the structural investigations by
means of X-ray analysis methods should be undentaken to examing the coordination mode.
Furthermore the study of the magnetic properties and the conducting properties of some Cu?*-
complexes and polymers should be investigated.

In the following some explanations of recent results in this interesting field of chemistry are

given,

IC. T. Chen. K. S. Suslick. Coord. Chem. Rev., 128 (1993) 293.
3p,-A. Marioni, Thése de Doctorat, Université de Neuchitel {1986).
M. Ferigo, These de Doctorat Université de Neuchdte) (1988).

M. Ferigo, P. Bonhiie, W. Many, H. Sioeckli-Evans. J. Chem. Soc., Dalion Trans., (1994) 1549,



1.1. Coordination polymers as molecalar magnets

Duning the last decade several types of light weight "molecular magnets" based on one-
dimensional coordinztion polymers have been observed and summarized in some review
anticles!-*$, Ferromagnetism, ferrimagnetism and antiferromagnetism all originate from the
cooperative behaviour of magnetic spin within a solid. A great dea) of research in this field of
chemistry has been carried out by O.Kzhn and co-workers. In one of their recent publications?

they give a schematic representation of the non-zero magnetization of two dimensional array's
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of spins as shown in Fig. 1,
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Fig. 1. Schematic representations of non-zero magnetization of two-dimensional arrays of $pins,

I. The interactions between the nearest neighbours are ferromagnetic, the local spm tend to
align along the same direction.

I All interactions between the nearest neighbours are antiferromagnetic, resulting in a non-
zero spin between centers.

LI: All the spin cariers are similar and conple antiferromagnetically and result in a non-zero

spin because of a small canting.

51. 8. Miller. A.). Epstein, Chem, Rev. 88 (1988) 201.
M, Inoue. M. Kubo, Coord. Chen. Rev., 88 (1988) 201,
E. Bakalbassis. P. Bergarat. O. Kahn. S. Jeanniny. Y. Jeannin. ¥. Dromzee, M.Guillot, Jaorg. Chem., 31

(1992) 615,



TV: A non-zero spin arises from a very complicated spin structure invalving both ferromagnetic
and antiferromagnetic couplings with canting as an additional possibility.
o N
Gatteschi and co-workerst have synthesized metal complexes of nitronytoxide which can form
linear chains after introducing additional brdging ligands 1o build polymers of the type
[{M(hfacyy(NIT-R}}x] (NIT-R=2-substituted-4,4,5,5-tetramethylimidazoline-1-oxyl-3-oxide,;
hfac = hexafluoroacetylacetonate with M = Mn2*, Ni2*, Cu2*). The magnetic properties can
be ferromagnetic (M = Cu?*) or ferrimagnetic (M = Mn2* or Ni2*), The nitronyioxide units
also provide an unmatched spin and this leads 10 2 non compensaled net moment. Covalent
connections may also increase the magnetic interactions berween the chains. One example is
[{Cu(hfac)y} 3(NTT-pPy)aly (pPy = p-pyridine} which forms one-dimensional polymer chains.
The chain consists of dimenc units of [{Cu(hfac)2}3(NIT-pPy)a] bridged by [Cu(hfac);)

molecules, shown in Fig. 2.

Fig. 2. The chain structure formed by dimeric units. of [{Cu(hfac)y}3(NIT-pPy)2]
bridged by [Cu(hfac)y) moictics.

SA Canneschi. D. Ganeschi. J. Laugier, J. 4. Chem. Soe., 109 (1987) 2191,

A. Canneschi, D. Ganeschi. P. If.ﬂ R. Sessoli. Jrorg. Chem., 27 (1988) 1756,

A. Canneschi. D. Ganeschi. J.P. Renard. P. Rey. R. Sessoli. fnorg. Chem.. 28 ((989) 2940.
A. Canneschi, F. Ferrara. D. Ganeschi, P. Rev, R. Sessoli. frorg. Chem., 30 (1991) 3162,
C. Benelli, A. Canneschi. D. Gauteschi. P. Rey, L. Pardi. fnerg. Chenr, 31 (1991) T41,
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Magnetic studies of this one-dimensional chain exhibit an antiferromagnetic behaviour. With
this ligand also mixed valent compounds of the type [MnaM(hfac)g(NIT-pPy)s],
(M = Mn,Co,Ni) were obtained. No erystal strucrure.l data have been reported. Interestingly,
all these compounds give rise to spontaneous magnetization below 10K,

Since 1987 the study of the magnetic behaviour by ordered biheterometallic systems has been
published by O. Kahn and co-workers’. They syntﬁesized and characterized the following
coordination polymers by X-ray structure analysis and magnetic measurements:
{MnCu(pbaOH){H40)31(D), pbaOH = 2-hydroxy-1,3-propylene-bis(oxamatey,
[{MCu(pba)H,0))2H20), (ID (M = Mn, Ni), pba = 1,3-propylenebis-(oxamate),
[MnCu(pbaOHYH,0)]y, (IH). The X-ray structures of I and I show that both compounds
have the same chain structure. Along the a-direction the shortest separations are of the type
Mn-Mn and Cu-Cu instead of Mn-Cu. Both compounds hzve an antiferromagretic coupled
ordered bimetallic chain behaviour in the temperzture range of 30 < T <300 K. Upon cooling
below 30 K x,,T increases much faster for IT than for I and diverges around 5 K. I orders
antiferromagnetically at 2.2 K and I orders ferromagnetically at 4.6 K. The temperature
dependence of the magnetization was investigated for 11 along the three directions of the
lattice. It was found that the c-axis is the easiest magnetization axis.The three-dimensional
ordering of both compounds are given in Fig. 3. The relative position of the chains withio the
fattice are skightly different and this is the reason for the different magnetic behaviour at low
temperatures. 1t is known that the Curie temperature {T.) in one-dimensional coordination
polymers depends on the magnitude of both the intra and interchain interactions. If a large
intrachain interaction exists a week interchain interaction results. The goal is to shift T,
towards higher temperatures through subtle chemical changes in the coordination sphere of the

metal centers. A further fact to increase the dimensionality of the interactions to predict a

* Y. Pei, M. Verdaguer, Q. Kahn, J. Stetten. .. Renard. fnorg. Chem,, 26 (1987) 138,

Y. Pei. M. Verdaguer, O. Kahn, 1. Siettien. I.P. Renard J. Am. Chem. Soc., 110 (1988) 782.

Y. Pei. M. Verdaguer. O, Kahn, I. Sletten. L.P. Renard, J. Am. Chem. Soc.. 108 (1986} T428.

K. Nakatani, P. Bergerat. E. Codjovi. C. Mathonicre. Y. Pei. Q. Kahn, Jnorg. Chem., 30 (1991) 3978,
4



spontancous magnetization is to remove coordinated water. Warming 1 in the solid state at

100 °C affords a new compound T which contains one molecule of water less than in L

ke e

FF

P

Los _./A:&t()\r
T X
X 2{

Fig. 3. Three neighboring chains in [{MnCu(pba)(H;0)3)12H,0], (A), and in {MnCul(pba)(H20);5],

{B). Their magnetic spin topologies are shown schematically on the right

The structure consists of bimetallic chains. The shortest interchain separations are Mn-Cu
instead of Mn-Mn or Cu-Cu. The Mn-Cu interaction through the oxamato bridge is indeed
strongly antiferromagnetic. After removing the weekly bound water {2.417A) the chains may
be closer to each other and Jipre; increases to some extent. The critical temperature has been

raised considerably to 30 K. The structure of this powder is not known in detail, however.
1.2. Coardination polymers as molecular conductors

A second most imponant application of coordination polymers are molecular based synthetic

conductors. Classical conductors are subdivided into three categories: electron conductors, ion



conductors and mixed conductors in which an electrical current is realized by electrons and
ions simultzneously.

Synthetic molecular conductors consist of ligand systems (electron donors) and metal centers
(electran zcceptors), whereby the organic ligands can be arranged in stacks and the p-orbitals
of the neighbour chains can overlap one anather. Consequently & transport of electrons (by
donar acceptor interactions between the chains) is conceivable. The temperature dependence
of snich compounds define 2 subdivision in conductors and semiconductor. The electrical
conductivity of metallic substances increases with decreasing temperature, while that of a
semiconductors decreases. The first organic solid with meualiic conducting behaviour was

TTF-TCNQ (TTF = tetrathiofulvalene, TCNQ = tetracyanochinodimethane)'® shown in Fig, 4.

19 Caseoux, L. Vatade. H Kobavashi. R.A. Clark. A E. Underhill. Coord. Chem. Rev., 110 (1991) 115,
6



Fig. 4. Crystal structures of {A) the ET danor layer in «={ET)7Cu[MCN)2)Br, (B} polymeric anion
layer of x —(ET)yCu[N(CN);]Br, ang (C) ¢ = (ETyCufN(NCS)3}. Note the polymeric anicn
layers sandwich the ET layer in (C).

This class of one-dimensional stacks or two-dimensional sheei structures is based on 7-
conjugated organic molecules having a partial charge transfer berween stacks. One of the most
successful series of organic metals and superconductors is that of BEDT-TTF
(BEDT=his(ethylendithio)tetrathiofulvalene). In the compound [S-(BEDT-TTF)2X] (X=I3-,
IBry", Aul”) the arrangement is a two-dimensional sheet structure separated by the
counteranions, shown in Fig. 4. Many of the saits were found 1o be superconductors below
transition temperatures that are relatively high, ca. 8.1 K. A further type of one-dimensional
polymer conducxor. has direct overlap of d,2-orbitals of the metal atoms!. [P{CN)4]* and
[ICORCI3]™ are cation deficient salts {with n<1) and have metal-metal _distances shorner

than 2.9 A, as shown in Fig.5.

J

[#]
L

b

Fig. 5. Crystal structure of Rbo[P1{CN)4] - 0.4 THF

The room temperature conductivity can be 2 high as 2300 Ocm™! for Rbo[PH{CN)4] - 0.4 THF
and 5.0 flem®! for Ko, 5g[1r(CO);Cla).

Phthalocyanine complexes have been studied intensively as coordination polymers.
Phtalocyanine oxosilicon and oxogermanium polymers [{M{(Pc}O}«]"* (M = Si, Ge) were first

synthesized in the early 1960's by Joyner and Kenney. Similar fluoroaluminium and

VR D. Jover. ME. Kenney . Jnorg. Chem., 1{1962) 717,
7



Auorogallium compound'*3 [M(Pc)X] (M = Al, Ga, X = F) have been obtained with high
conductivity and 2 good thermal stability. Doping this compound with halogens or other ionic
and organic acceptors, Tesults in & dramatic enhancement of conductivity. A further family

studied are the "shish kebab” stacked macrocyclic metal complexes.

M="Fe, Co Ry L= py2 poidy, by, dateo, 2, bmyac, dioph

4

e i M — L [ M — e g m——

M = Fe, Co, A, Mn, € L= CN, SCN N3

s e —— | = e — | — -M —

Fig. 6, Various "shish kebab" one-dimensional coordination polymers

Hanack et al'* have prepared & large family of such phthalocyanine complexes of the type
[{M(PcHL-L)} oo] Various one-dimensional polymers are given in Fig. 6.

13p M. Kuznesaw. K.J. Winne, B.5. Nohr, M.E. Kenney, J. Chem. Soc.. Chem. Commun.. (1980) 121.

13p M. Kuznesow, K.J. Wynne, RS, Nohr, M.E. Kenney, P.G. Sitbenman, J. Am. Chem. Soc., 103 (1981)
4371,

140, Schneider, M. Hanack. Angew. Chem, Int. Er. Engl., 19 (1980) 392

O. Schneider, M, Hanack 4dngew. Chem. fnt. Et. Engl., 21 (1982) 79,

Q. Schneider, M. Hanack, Cher. Ber., 116 (1983} 2088.

B. N. Diel. T. Inabe, NK. Jaggi. L W. Lyding, O. Schueider, M. Hanack. C.R. Kannewurf, T.J. Mark. L.H.
Schwart. J. 4m. Chem. Soc.. 106 (1984) 3207,

W. Kobel, M. Hanack, /norg. Chem.. 25 (1986} 103.

M. Hanack. S. Deger, A Lange. Coord. Chem. Rev.. 83 (1988) 115,

8



Many of these complexes doped with iodine result in a dramatic increase of their conductivity,
this depends on the interactions of the dp-orbitals with 7* level of ihe bridging ligands.

In contrast to the numerclis hitherto synthesized polymer compounds with the above
mentioned properties their application in physical and technical fields is still at the beginning

and a task for the future.

M. Hanack. A Hirsch. H. Lejmann, dngew. Chem. Int. Ed. Engl., 29 (1990) £467.
M. Hanack. A. Gul. L.R. Subramanian, frorg. Chem., 31 (1992) 1542,
9



1.3. Examined polydentate N-donor ligands

The following three N-donor ligands have been investigated in the present work. First the
ligand 2.3.5 6-tetra (2-pyridyl)pyrazine (tppz), which was synthesized by Goodwin and Lions!?
in 1959.

The six nitrogen atoms can be devided in two groups of three nitrogens and a bis-{iridentate)
coordination should be possible. We were interested in the question of the ability of the
nitrogen donor atoms to accommodate to 8 specific coordination sphere to form a polymer
network by using tppz alone or in combination with other bridging ligands.

The second ligand studied was 2.4.6-pyrimidyl-1.3.5-triazine (tpymt):

L

which should alse offer the passibility of coordinating three metals in a tridentate terpyridine

like formn 10 build three dimensional coordination polymers. However it has received little

ISH. A Goodwin. F. Lions. J. Am. Chem. Snc.. 81 (1959) 6415,

I3

10



attention from coordination chemists, probably because of the low yietd of the first published
synthesis. This was later partially increased by Case and Koft'®.

The third ligand, pyrazine 2.3':.3.B‘tétrac'arboxylic acid (Hypzre), t{'é; first synthesized in 1887

XX

Al that time a first indication was given that the acid could act as ligand in metal complexes.

by Wolff?,

HOOC COOH

HOOC COOH

The reaction with FeS04 gave a colour change to deep violet'. The coordination bekaviour of
this ligand has been intensively investugated by P.-A. Marioni*. A series of transition metal salts
have been reacted with tbe ligand under different conditions (see chapter 3). We carried out
further reactions in the presence of divalent cations to obtain new coordination polymer
structures and to investigate their conducting properties.

The reactions of these three ligands with metals salts and the investigations of the coordination

behaviour are described in the foliowing chapters.

L6F H. Case, E. Koft, S dm. Chem. Soc., 81 (1959) 905
L. Wolfl, Ber. Disch, Chem. Ges., 20, {1887), 425.

L. Wolff, Ber. Disch. Chem. Ges., 26, {1893), 721



2. Study of the coordination behnviour of 2.3.5.6-tetra(2-pyridyvl)pyrazine (tppz) towards

some transition metals
2.1. Introduction

This ligand was first synthesized by Goodwin and Lions'® in 1959 by a condensation reaction
of 2,2'-pyridoin with ammonium aceiate. The reaction occurs at 180°C in a2 molten mixture of
the two compounds, according to the following equation:
20, 0Ac (1BO°C)
2 C,H4N—CH,-§:|-C,H.N tpp2
!

~2Ac0H
—4H,0

CH 0

The recrystallization was undertaken from pyridine or from a mixture of
pyridine/dichloromethane.

The bigand tppz should be able to coordinate in both a mono-and bis-tridentate fashion. Tt
should also be possible by a bridging coordination mode to form di-or polynuclear complexes.
However, to our knowledge no erystal structures of any metal complex of tppz had been
published up to the beginning of 1993. We therefore desided to camy oul some investigations
on the coordination behaviour of this ligand.

Goodwin and Lions prepared some mononuclear tridentate complexes of iron, ruthenium,
copper and cobalt, X3 [Fe(tppz)z[{Cl104)2-4H20, [Fe(tppz)a]l2-4H10,
(Ru(tppz})(CI04)216H20,  [Ni(tppz}p)(CIOg) HO,  (Cultppz}(Hz0)(CI0g)y 3H,0,
[Cultppz)CIJCI-H20, [Cu(ippz)CIICI04 and [Coftppz)2](ClO4)3-2H2Q0. However, the
characterization was based on elemenial analyses only. The metal 1o ligand ratio was in each
case 1:1 or 1:0.5. In this context it was assumed that the pyrazine nucleus was unable to have

both its nitrogen atoms acting simultaneously as donors.

134, A, Goodwin, F. Lions, J. Am. Chem. Soc., 81 (1959) 64135,
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Reactions of tppz with some first row transition metal salts were also investigated by
M. Lymann'®. He warked with ligand to metal ratios of 1:0.5, 1, 2, respectively. Essentially,
the characterization was undértaken by means of infrared specfri and u.v. measurements. ln
this diploma work there was no indications for the formation of binuclear complexes or
columnane like arrangements.

Mono ligand complexes of the similar tridentate chelating ligand 2,3,5,6-teuakis-(6-
methyl)pyrazine (L) of the general formular [MLX3]} where M= Mn, Fe, Ca, Ni, Cu and where
X may be CL, Br, 1, NCS, NCSe or NO3, have beeo described by Goodwin and Sylva® in
1969. Infrared, visible and near-ultraviolet spectral, conductance and magnetic data were
obtained for these complexes. Based on these data an attempt was made to assign coordination
numbers to the metal atoms. Five and six coordination was assumed.

The structure of the monoclinic form of ppz, recrystallized from chloroform was published by
Bock and co-workers?! in 1992, In this case tbe two pyvidine rings on either side of the central
pyrazine ring are twisted out of its plane by 50° either up or down. The adjacent pyridice rings
are twisted ia opposite directions giving a N...N distance of 3.24 A This value exceeds the
sum of two N-van der vaals radii of 1.55 A and therefore the repulsion nitrogen lone pair
interaction is reduced. We have also solved the structure of the moneclinic form, recrystallized
from dichioromethane, with identical results.

In 1989 Escuer et al.3? prepared a bexafluoroacetylacetonate copper complex of tppz and by
means of elemental analyses data they proposed a dinuclear complex [Cux{tppz)(hfacac)y).
Ruminskd et al. have also synthesized and characterized some meono- and bimetallic complexes

M, Lymann, Travail de diplome, Université de Neuchdiel, 1988,

WH A, Goodwin. R N. Syhva, fnorg. Chim Acra, 4 (1970) t97.

34, Bock, T. Vaupel, C. Nather, K. Rupen, Z. Havias, dngew. Chem. fnl. £d. Engl., 31 (1992) 295.

A Escuer. T. Comas, J. Ribas, R Viceate, X Solans, C. Zanchini, D Gatieschi. fnorg. Chim. dcta.. 162

(1989) 97.



of ruthenum®, rhodium?* and iron** with tppz. e.g. [(NH3)sRu(tppz)RulNH3);3)(C104)4,
[Rh{tppz)Cl3], [C13Rh{tpp2)RKCI3], Naz[(CN)sFe{ippz)Fe{CN);]-6H20.

From the literature some complexes are known in which tppz acts as a bridging ligand between
two or threc metal centers. However, there is 8 lack of crystal structural data for these
compounds. For instance, the complex [(terpy)Ru(tppz)Ru(terpy))(PF g)4 was mentioned?® and
characterized by nm.r. methods. Furthermore a series of monometallic, homo- and
hetercbimetallic as well as inmetallic complexes of nrthenium and osmium containing tppz
were prepared’’, e.g. compounds like [Ma(tppz)3(PFg)s, [{terpy)M(tppz)M'(terpy)](PFg)4
{M =M = Ruo, Os, M.M = Ru.Os) and [(terpy)Ru(tppz)Os(tppz)Ru(terpy))(PFg)4. However,
direct structural evidence of the di- and trimetallic nature is hot given, only the results of the
fast atom bombardement (FAB) mass spectra yielded hints for their compesition.

The compound [(terpy)Ru(tppz)Rullerpy))(PFg)s was also svnthesized by Collin et al2?,
however in this case the evidence for the dimetallic structure is better indicated by the mass
spectra a5 described above, They found a peak for the mass
[(terpy)Ru(!ppz)Ru(telpy)(PF6)4]2+ (m/z = 764). Spectrochemical and electrochemical
investigations have been described and by means of these data a possible oxidation to the
mixed valence species Ru2+/Ru3 js discussed.

The mixed metal complex (Ru2*/Ir3+)[(terpy)Ru(tppz)IrCl3](PFg); has been described by
Vogler et al % in 1993 The latter was prepared by reacting [Ru(terpy)}Cl3] with [Ir(tppz)Cl3]
and subsequent addition of KPFg. An X-ray analysis of the mononuciear complex [Ir{tppz)Cl3]

VR R Ruminski, L.L. Kipling. T. Cockrofi. C. Chase, Jnorg. Chem., 28 (1989) 370.

4R R. Ruminski. C. Letner, inorg. Chim, Acta. 162 (1989) 175.

'R.R. Ruminski. J.L. Kipling. morg. Chem., 29 (1990) 4581,

2R P. Thumel, 8, Chiravil, Jnorg. Chim. Acta. 154 (1988) 77.

TICR Arana, HD, Abruna, Inorg. Chem. 32 {1993) 194,

%),P. Collin. P. Laine. 1.P. Launay. J.P, Sauvage. A Sour, J. Chem. Soc. Chem. Comun., {1993) 434,

¥°L.M. Vogler. B. Scom. ). Brever. Jnorg, Chem.. 32 (1993) 898,
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has been established. Consequently, this was the first structurally characterized compaund

containing tppz, Fig. 6a.

Fig. 6a Diagram of [Ir(tppz)Cl3) showing thermal ellipsoids.

The iridium atom has a distorted octahedral geomeiry. An twafold axis bisects the tppz ligand,
the Ir atom and the equatorial Cl atom. The coordinated pyridintrings make an angle of 33.4°
with the pyrazine ring.

Retently some investigations on compounds bearing the ligand (ppz have been published by
R.G. Brewer et al®®, In this study the ligand is bound to only ane metal center in a nan bridging
made. The presence of the remate uncoordinated nitrogen atoms makes the developmemt of
polymetallic complexes utilizing this ligand possible, The studied compounds represent a new
class of complexes which have the compesition [Qs(ippz)L)2*, {Os(ippz)(dppedX}? and
[Os(tppz)(PPhy)X]™ (L = terpy, tppz; dppe = bis{diphenylphosphina)ethane; X = CI,
CH;CNY.

30R. G. Brewer. G.E. fensen. K.J. Brewer. faorg. Chem., 33 (1994) 124,
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Furthermore complexes like [(terpy)Ru(lppz)Co(PPhgH2]3+, [(NC);Fe(tppz)CoH4l],
{L = PPhs, PEtaPh) have been mentioned! but there are no remarks on the synthesis and the
characterization of this compounas.

C. Arana et al.? tested some transition metal complexes containing tridentate ligands which
are active in the clectrocatalytic reduction of carbon dioxide. Under an atmosphere of nitrogen
and carbon dioxide the compounds [M(tppz)l2(PFg); (M=Fe, Co, Ni) were tested by
cyclovoltammetric measurements in the potential range of 0 to 2.0V in DMF/Q.1M TBAP.

The novel ligand 6,6"-Bis(2-pyridyl)-2.2"4,4"2" 2 -quarterpyridine (L) was synthesized by
E.C. Constable et al.3? in 1990.

The coordination behaviour of this "back to back™ analogue to tppz was investigated, The
diruthenium(Tl} complex [(terpy)RuLRu(terpy)]4* has been shown to exhibit no Ru-Ru
interactions and contains two non-interacting Ru(terpy)z units.

A connection of polydentate ligands to di- or polymetallic systems is possible by introducing
bridging ligands like oxalate {ox) or iminodiacetate (ida). For instance, this is known for some

Cu?* complexes of terpy, which is a comparable tridentate system as present in tppz. M. Julve

HID. Peterson. L. W, Morgan, 1 Hsu. M.A. Biladeaw, §. E. Ronco, Coord. Chem. Rev,, 111 (1991) 319.
3¢ Amna, §. Yan, M. Keshavarz-K, K. T, Potts, H.D. Abruna, frorg. Chem., 31 (1992) 3630.
Mg ¢ Consable, M.D. Ward. J.Chem. Soc. Dalton Trans.. (1990} 1405,
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and co workers™ have determined the X-ray structures of two new complexes e.g. the dimer
[ICu(terpy)(HgO)}g(ox)][{Cuiiér‘py)}3(03)](C104)4-H30 and the monomer
[Culterpy}(H20)0x)]-4H20. The dimer structure contzins two different centrosymmetrical
Cu2* dinuclear dicationic units, uncoordinated perchlorate groups and water of crystallization.
In both dinuclear units 1he terpyridyl group is 1erminal and the oxalaie acts as an asymmetrical
bis(chelating) bridge. However the complex contains one five-fold and one six-fold

coordinated Cu?* atom. Imerestingly, R P. Bonomo!* et al. obtained a polymeric compound

in which Cu{terpy) units are bridged with units of ida, [Cu(ierpy)iida)] o, see Fig.7.

.r"’“w

,g;,

|

The Cu?* atoms have a distorted trgonal bipyramidal geometry, the six-coordinate

vo ()
ﬁlﬂ:"

ILIE]

Fig. 7 Molecular structure of [Cu(terpy)ida)]co.

environment was also proved by e.5.5. measurements and visible absorption spectra.

The abave discussed papers shows that there is a lack of structural data 10 demonstrate the
flexibility of the ligand 1ppz. Up to now no examples of a two fold coordination in the form of
a bridging mode has been proved by X-ray structure analysis. Evidence for such a bridging

function has only been giver by mass speciroscopic experimenis.

3. Casiro, 1. Faus. M. Juive, A. Gleizes. J. Chenr. Suc. Dalton Trans., (1991) 1937,
13N B. Bresciani-Pahor, G. Nardin, R P. Bonome. E. Rizzarehli. J. Chem. Suc. Dalton Trans., (1984) 2625.
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2.2 Characterization af the free ligand tppz and reaction with HCI

The structure of the monoclinic form of tppz recrystallized from CHCIy (tppz-ILFig. 8b) was
determined by Bock and co-workers?! as mentioned above. At the same time B. Greaves'®

obtained also the monoclinie form of the free ligand, recrystallized from CH,Cla.

Fig. 8. Pluto plot of the tetragonal (a, tppz-I) and the monoclinic (b, tppz-II) form of tppz.

Fig. 9. Pluto plot of a), bpg-1 and b), bpg-I1.

¥6B_ Greaves, H. Stoeckli-Evans. .4cto Cryst.. C48 {1992) 2269.
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From a reaction of tppz with ZnClz (metal to ligand ratio of 1:1 in EtOH/H20) 2 small amount
of a mononuclear Zn2*-complex and a new tetraganal form of tppz (tppe-I, Fig. 8a) was
isolated. In tppz-1I the pyﬁd'uié N atoms are inclined towards the i)irrazine ring C by 4B.9(1)
and 51.7(1)°, respectively, and to one anather by 62.4(1)°. The similar compound 2.3-bis{2-
pyridyl)quinoxaline (bpq) has also been cobserved in two formes (Fig. 9). In bpg-I?? the
pyrazine ring is almost planar (twist angle 0.035%), whereas in bpq-IP® the pyrazine ring is
twisted by 5.7°. This rwisting in the pyrazine ring has also been observed for complexes oftpp;
with some ficst row transition metals which will be described later. It has also been found that
the orientation of the pyridine rings in 2.3bis(2-pyridyl)pyrazine .(bppz).” is similar to that in
tppz-Il and bpg-II. A comparison of the similar dihedral angles between the pyridine ring A
and B and the pyrazine ring C, as well as the intramolecular distances, are given in Table 1.
One can see that the geometry in tppz-1 and in bpq-I are very similar, more so than in tppz-11,
bpg-1I and bp|_:'|z. The largest differences concern the shorest intramolecular contacts. For
example, tbe distance N(3)-C(4a) with 3.297A in tppz-1 compared to 3.1804 for the distance
N(9)-C(51) in bpg-1. The same tendency is observed in tppz-II, bpg-I1 and bppz. For example,
the distance N{2)-N(32) of 3.237A in tppz-11 is significantly farger than the distance N(2)-
N(2a) of 2.962A in bppz. This difference is also reflected in the dihedral angle of 31.69°
between the rings A and C in bpg-I which is much smaller than that in tppz-1I (48.9°) or in
bppz (42.2%), see Tab. 1.

K. V. Goodwin, W.T. Penninglon, ).D. Peersen, Acia Crust., C46 (1990) 898.
335.C. Rasmussen, M.M. Richter, E. Yi, H. Place. Inorg. Chem.. 29 (1990) 3926.
IMN_-T. Huang, W.T. Penningion, J.D, Petersen, Acta. Crvsr.. €47 (1991) 2011
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Tab.1. Comparison of various dihedral angles (°) and shart intramolecular distances (A} in

tppz-1 and bpa-1, tppz-11, bpq-11 and bppz

Angles tppz-1 bpg-I tppz-ll bpq-1I bppz
LAB 60.4 589 62.4 60.6 54.1

LAC 59.0 540 489 1.7 422

£BC 464 452 517 464 422

Distances

N(1)-N@2) 2907 2.830

N(I-C(9) 2912 2910

N(3)-C(4a)) 3297 3.180

n(1)-C(4) 2.939 2.854 2.859
N(1)-C(9) 2.958 2.941 2859
N(2)-C(3all) 3237 3.017 2.962

Symmetry operations: i) 1.5-x,0.5-y, 1.5-2; (ii) 2-x, -y, -2.

The reason for the existence of these twa forms could be reflected in the influence of the
different solvents used for recrystallization. In accordance with these X-ray analysis results we
found alse by means of u.v. solid state measurements, using ethylenglycol as dispersion
medium, that these two formes of tppz exist. Twa different absorptions were observed: for the
monaclinic form at 325 and for the tetragonal form at 345 nm. Furthermore, dynamic n.m.r.
studies were undertaken. 13N n.m.r. investigations show for tppz 2 temperature dependent
behaviour concerning the shift of the signal of the pyridine rings, see Fig. 10. Whereas the
signal for the pyrazine ring is unchanged from -10 ta 55°C, the signal for the pyridine rings are
shifted downfield at higher temperatures (-10°C : 230 ppm; 25°C : 232 ppm; 55°C : 233 ppm).

Therefore a movement of the pyridine rings at eievated temperatures is assumed.
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Fig. 10. 15N nm.r. spectra of tppz recrystallized from CHyCl, recorded in CDCl3
at -10, 25 and 55°C.

For a further characterization of tppz the question of different’ hydrochiarides was of interest.
As described by Bock and co-workers?! a two-fald hydrochloride is obtainable. Contrary, we
could isolate a four-fold hydrochleride in a reaction of 1ppz with 2M HC! after recrystallization
from water. This hydrochloride salt crystallized with rwo molecules of water as
1ppz-4HCI-2H30 (1)*. A picture of the molecular structure is given in Fig.11 and important

bond distances and angles are given in Table 2.

“OM. Graf, H. Stoeckli-Evans, manuscribt in preparation.
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Fig. 11. SCHAKAL® plot of tppz-4HC}-2H,0.(1)

Tab.2. Important bond distances (A) and angles (%) of tppz-4HC2H,0 (1)

H(2)-CI(1) 2.143(3) H(3)-CI(2) 6.39(3)
H(3)-CI(1) 2.08(3) N(2)-N3) 4.521(3)
H(2)-CI(2) 6.783(24) CI(1)-CY(2) 5.784(19)
CI(1)-H(2)-N(2) 163 8(21)

CIN-HE)NE) 167.6(22)

Interestingly, in this centrosymmetric structure two chloride jons are situated near the N(3) and
N(2) atom with distances N(H2)-CI(1) 2.14(3) and N(H3)-CI(1) 2.08(3)4, whereas the other
two chloride ions are situated far away from the two protonated N atoms with distances
N{H2)-C)(2) 6.783(24) and N{H3)-Cl(2) 6.3%(3) A, probably by reason of crystal packing
effects. The angles CI(1)-H(2)-N(2) and CI(1)-H{3}-N(3) are both greater than 150° and are an

indication for a relative strong H*._.CI" bond. The shortest intramoleculare distance (N...N} is

1'E. Keller, SCHAKAL 88. a Fortran Program for the Graphical Representation of Molecular and

Crvstallographic Models, University Freiturg, 1988,
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berween N(2)-N(3) with 4.521{3)A. The Ci(1)--CI{2) distance is 5.784(19)A. In our
hydrachloride the dihedral dngle of pyridine ring A relative to the pyrazine ring C is 37.69(14)°
and B to Cis 40.73(13)°, whereas the dihedra! angle berween the rings A and B is 60.65(8)°.

A comparison of 1 and the two formes of the tppz is given in Table 3.

Tab. 3. Dihedral angles (°) of the pyridine rings relasiv to the central pyrazine ring C

_Angle tppz (monoclinic) 1ppz {tetragonal) tppz-4HCI- 2H-0
A"B 62.4 60.4 60.65(8)
ANC(CY) 439 59.0 37.69(14)
BC(CY) 51.7 46.4 ‘ 40.73(13)

The proton a.m.r. specirum of the hydrochloride 1 recorded in D2O/DSS, (see experimental),
shows four signals indicating four equivalent pyridine rings. The location of the HC] protons
proved impossible (sample measured in CDCl3). An expecied downfield shift in comparison
with the free ligand was observed. U.v. measurements in water as solvent show a noticeable
shift of the two characteristic bands for the ligand A |5ay=297 and Appp.=320 nm compared
to the spectrum of the free 1ppz (Ayax=265, 308 nm). Bock and c.c-\aulotlw._rs2l obtzined from a
reaction of tppz with agueous IN HCl and after recrystallization from CH3CN a twofold
hydrochloride in which the diagonally oppositing pyridine rings are protonated. They formed
bydrogen bridges, N-H--Cl, 10 the two electron-nch chlonde anions. The unprotonated
pyridine rings rotate into planarity with the pyrazine ring {from 50° to 16°). Funthermore an
anjon exchange with tetraphenylborate [LifB{Cglis)4] in acetonimiie was studied. The
structure determination of this compound indicated drastic changes. The dihedral angles of the
pyridine rings relative to the pyrazine rng were reduced to 21° and 26°, respectively. A

movement in the direction of a more planar sysiem was assumed.



M.Y. Khuhawar*? studied 2,2'- pyridyl substituted pyrazine and dihydropyrazine compounds
using CCly as solvent, nujol and KBr disc techniques. Different regions of strong absarptions
are assigned, For tppz we found identical results as described here. A close resemblance
berween 1390-1600 om™! was observed with bands at 1393vs, 1435w, 1477w, 1486w, 15675
and 1588vs co! corresponding to H{C=C), #{(C=N) stretching vibrations in the pyridine and
pyrazine rings. The spectrum shows clearly the two characteristic bands at 1567s and
1588vs cm! which are separated by 21 cm-!. Absorptions in the region from 1300 to
1600 em! {corresponding to plane hydrogen bonding modes and ring vibrations), in the region
from 625 to 1000 em-! {mainly corresponding to the (C-H) out of plane deformatians), ring
breathing vibrations near 700 em-land overtones of lower frequencies were also observed. A
very strong band at 785 em! could be assigned to the corresponding C-H groups. The infrared
spectrum for the hydrochioride of tppz indicates a shift in the absorption of the characteristic
doublet in the A{C=C, HC=N) region. The very imensive band at 1612 em-! is shifted by
24 eme! to higher wave numbers and the strong band at 1543 is also shifted by 24 em*l 1o
lower wave numbers. The very strong band for the free ligand at §393 cm-! is shifted for the
hydrochioride salt to 1379 cm‘l‘. by 14 el The intensive band at 776 cm! is shifted by
9 em"! in comparison to the spectrum of the free ligand. Elemental analyses agrees also with
the results found by means of X-ray structure analysis.

Bock and co-workers?! investigated the two step reduction of tppz under aprotic conditions as
well as in solutions containing Li* and Na* conducting salt cations. Under protic conditions
two one electron reductions are coupled with a protonation 1o dihydropyrazine. Under aprotic
conditions afier the pickup of two electrons a dianion could be discussed which is suitable to
form a contact-ion-pair in the presence of (C4Hg)N', Na* or KT, A reversible redox process

was observed, the anjon/cation complex [M-M¥] is persistent at room temperature,

4 Y. Khuhawar . Pokistan. J.Sci. frd. Res., 26 (1983} 301,
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2.3. Caordination behaviour of Co{D)} and Ni{11) complexes af tppz

Complexes of Co?* exist 1A many structural varieties. The pi"'e':t;éred coordinarion sphere is
commonly the tetrahedron or the octahedron. An octahedral coordination sphere is classically
known for [Co(NH3)g)** or CoCly. For Co* camplexes the most stable coordination sphere
is octahedral (E.AN. rule), classical complexes are [Co{en)Cla]* [Co{CN)g)**, [CoFg)3™ and
CoF3. By means of elemental analyses data, Goodwin and Lions proposed an octahedral
coordination sphere for the complex [Co{tppz);](C104)3-2H20 however no structural proof
has been given up to now. In view of this fact we carried out a number of reaction attempts
with several cobalt salts. Ligand to metal ratios of 1:1 or 1:2 yielded no defined producis by
crysiallization or precipitation. However from a reaction of CoCly-6H20 with tppz (molar

ratio 6:1) we obtained after crystallization from E{OH fine red needles of compound 2.

CoCly-6H20 + tppz - [Coltppz)CI{H;0)7]Cl * 4H,0
e}
We assume a mononuclear complex [Co(tbpz)Cl]Cl-ZHZO probably with a octahedral
coordination mode. The FAB-mass spectrum indicates the fragment m/e = 482 for
[Co(tppz)CI]* (100%) and the fragment m/e = 446 for [Co(tppz)]". The elemental analysis
supports the composition of this assumptioo. U.v, measurements in water solution show a
typical coordination shift of the ligand. The two bands for tppz are bathochromically shified at
M max=295 and Admay=325 am. To introduce further bridging ligands we carmied out some
reactions with sodium salts of chelating ligands [ke ida, edta, 2-carboxypyrazine, 2.3-
dicarboxypyrazine, 2,5-dicarboxypyrazine, 2,6-dicarboxypyrazine as well as diimine, dppm,
pyrazine, 2,3,5,6-tetramethylpyrazine and 1,1'-dimethyl-4,4"-bipyridinium dichloride. However
from all of these reactions no well defined complexes could be isolated. From a reaction of
CoCly6H,0 with tppz and disodium malonate we obiained well formned red needles suitable
for X-ray diffraction studies.
CoCly6H20 + ppz + Nayma - [Co(tppz){ma)(H;0)]-4H20 + H30 + 2NaCl.
3



We found a mononuclear complex in which both of the chelate functions of one malonate
molecule and additionally one water molecule are coordinated to form a nearly octahedral
coordination sphere, see Fig 12. The Co-O(malonate) distances are 1.964(8)A for Co(1)-0(1)
and Co(1)-0(2) 2.077(NA, respectively. The Co-N(pyrazine) distance is 2.092(8)A.
Crysiallographic  data have been published for several pyrazinecarboxylates and
pyrazinedicarboxylates by Richard*? and O'Conrner* and co-workers. A selection of important
bond distances is given in Table 4,

Tab. 4. Co-Ofoxalate) and Co-N(pyrazine) distances (A) of some carboxylate and

dicarboxylate complexes

[Cof2.3-pyd) 2H0)

Co-0(2) 2.069(4) Co-N(1) 2.173(8)
Co-0(3) 2.037(4) Co-(2) 2.135(4)
[Co(CaN2(CO0)2(COORY(H0)))

Co-0(8) 2.057(1) Co-N(1) 2.109(1)
[Co(CN2CO0)(H20)} 20

Co-0(1) 2.084(1) Co-N(1) 2.135(1)
[Co(C4N2CO0)(H20)]

Co-0(1)  2.00300) Co-N(I) 2.102(1)

The Co-N(pyrazine) distance in {Co(tppz)(ma){(Hy0}]-4H20 is shorter than the same distances
in the above described compounds. The Co-O(matonate) bondlengths are comparable. The Co-
N(pyridyl) distances, further important bond lengths and angles are given m Table 5. Up to
now there is a lack of crystallographic data for such tlosely related compounds. The central
pvrazine ring is considerably distorted. The dihedral angle beetwen planes C{C(1), N(1), C(4)]

and C"[(2), N(2), C(3)] is 9.4(6)°. Larger and smaller twist angles have been observed in

43p_Richard. D. Tran Qui. E.F. Bertaut, dcte Crvst,, B29 (1973) 1113,
#¢ ). O'Conner. E. Sinn. Inorg. Chem., 20 (1981) 545.
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complexes of ppz and will be described later. A comparison of dihedral angles of mononuclear
complexes of tppz is given in Table 6.

In the X-r8y structure of the €omplex [Co(terpy)2]Bro-3H20*,; 4ll six nitrogens are bonded to
the cobalt, the central Co-N distances are shorter than the other distances {1.89, 2.10 A) and
also shorter than the Co-N{pyrazine) distances in our malonate complex. A Co-N distance of
1.863(7), 1.853(7) A was found for the central nitrogen atoms and 1.921(7)-1.93%(7) A for the
distal nitrogen atoms in the dimeric complexe [Co(terpy)y)Cl3%. Far the complex
[Co(terpy)y]ip 2H20 a Co-N (central) bondlength of 1.942(T)A was found and a Co-N
distance of 2.104(5) A(distal)*?.

The elemental analysis results for this complex is in agreement with the composition found by
X-ray diffraction. U.v. measurements in water solution indicate a typical caordination shift of
the ligand. We found the two charactenistic bands for the ligand at 300 and 320 nm. The
infrared spectrum exhibits a very strong band for the #(COO) at 1573 em! and a typical band
pattern for the tppz was observed. In the »(C=C), WC=N) region we found bands at 1477m;
1400s,sh; 13865,sh and 1300m cm!,

Ky

Fig. 12. SCHAKAL plot of [Coftppz)(ma)(H20)) 4H20.

#3E.N. Masten, C.L. Raston, A H, White. J. Chem. Soc., Dalton Trans., (1974) 1803,
B N. Figgis. E.S. Kucharski. A H. White. dust. J. Chem., 36 (1983) 1563,
“IB.N. Figgis. E.S. Kucharski. A. H. White..dust. J. Chem., 36 (1983) 1527.
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Tab. 5. Selected distances (A) and angles (*) of [Co{tppz)(ma)(H120)}) 4H,0

Co(1)-0(1) 1.964(8) Co(1)-N(1) 2.092(8)
Co(1)-0(2) 2.07UT) Co(1}N(3) 2.127(8)
Co(1)-0(5) 2.141(8) : Co(1)-N(6}) 2.135(8)
O(1)-Co{1)}-0(3)  385(3) 00)-Co{l}-N(§)  93.003)
0(1)-Co(i)-0(5)  89.8(3) O(5)-Cof{1}-N(1)  885(3)
O(1)-Co(1)}-N(I)  173.6(3) 0(5)-Co(1}-N(3}  90.8(3)
0(1)-Co(1}N()  110.5(3) 0(5)-Co{1)-N(6)  38.3(3)
O(1)}Co(1}N(6)  99.5(3) N(1)-Co{1)}-N3)  75.7(®
0(3)-Co(1)-0(5)  175.03) N(1}Co(1)-N(6)  74.3(3)
0(3)-Co(1)-N{1)  88.1(3) NG)-Co(1)-N(6)  150.0(3)

O(3)}Co(1)-N(3) 88.1(3}

Tab. 6. Collection of dihedral angles (°) of several mononuclear complexes of tppz

angles [Coltppz)ma)(H0)] [Ni(tppzXox)(H20)]  [Zn(tppz)Cly]
4H,0 SH70

A™B 11.8(5) 7.303) 13.5(1)
ANC(CY) 20.9(5) 23.6(3) 7.8(2)
B~C(C) 18.9(4) 17.503) 21.0(1)
D*E 41.3(4) 51.5(3) 37.001)
DAC” 36.6(4) 53.3(3) 22.8(2)
EAC 40.4(4) 30.8(3) 43.9(2)
A"D 57.5(5) 73.9(3) 37.6(1)
A"E 52.5(5) 50.7(3) 61.9(1)
B D 32.3(4) 69.8(3) 50.9(1)
B*E 57.5(5) 43.3(3) 74(1)
e 9.4(6) 9.0(4) 10.6(2)
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Ni2* complexes exist also in a large variety of different coordination polyhedra. An octahedral
coordination sphere is known for instance in [Ni(H20)a(WH3)q]?*. (Ni(NH;)g}** and
[Ni{en)3]2*. We carried qdi% number of reactions (molar ratio i1 or 1:2) of Mi2* salts with
tppz however we could oot obtain well defined praducts. From a reaction of tppz with an

excess of Ni(NO3)3-6Ho0 (1:6) we obtained well formed red brown needles of 4.

2Ni(NO3)p6H0 + tppz + 3H,0 - [Nig{tppz)(H20)g)(NO3)4-3H20
)

X-ray diffraction studies show a bis(tridentate) dinuclear complex, see Fig.13. Hence, for the
first time, a metal of the 3d row coordinates io a bis(tridentate) manner with tppz. Six
molecules of water are coordinated around the nickel atoms and the nitrates acts as
counterions to give the composition [Nig(tppz(H30)g)(NQ3)4-3H20%. The coordination
sphere of tbe nicke! atoms can be described as nearly actahedral. The central pyrazine ring in
this molecule is highly distorted. The dihedral angle between planes CTC(1), N(1), C(4)] and
C"{C(2), N(2), C(3)] is 10.9(10)°. The Ni...Ni separation in this binuclear complex is
6.6446{18)A and the central Ni-N{pyrazine) distances are 2.025(T)A and 1.998(7)A. The Ni-
N(pyridine) distances are larger. The Ni-O(water) distances logeth‘er with further important
bond lengths and angles are given in Table 7. The pynidine rings A and B coordinated to Ni(1)
are inclined to one another by 9.8(4)° and by 24.1(3)° and 28.0(3)° relatively to the central
pyrazine ring C. The pyridine rings D and E are coordinated to the Ni(2) atom and are inclined
to one another by 9.8(3)° and by 22.6(3)° and 24.4(3)° refative to the central pyrazine ring.
The shortest intramolecular distances are between C(6)..C{11) witb 3.141(17})A and
H(6)..H(11) separated by 2.302A, as well as C(16)..C(21) wih 3.249(16)A and
H(16)...H(21) are separated by 2.5884

4T be published.



Fig. 13. SCHAKAL plot of [Nia(tppz)(H20)6}(NO3)4-3H,0.

Tab. 7. Selected distances {A) and angles (°) of [Nig(tppz)(H0)6)(NO3) 4 3H0

Ni(1)-0(1) 2.025(7) Ni(1)-N(1) 2.0257)
NI(1)-O(2) 2.051(7) Ni{1)}-N(3) 2.09%8)
Ni(1)-0(3) 2,056(6) Ni(1)-N(6) 2.090(7)
Ni(2)-0(4) 2..036(6) Ni(2)-N(2) 1.998(7)
Ni(2)-0(5) 2.121(6) Ni(2)-N(4) 2.076(7)
Ni(2)-0(6) 2.098(7) Ni(2)}-N(5) 2.061(7)
N(1)-Ni(1)-N(3) 78.4(3) N(@3)-Ni(1)-0(1) 101.7(3)
N(1)-Ni(1)-N(6) 78.5(3) N(3)-Ni(1)-0(2) 90.7(3)
N(1)-Ni(1)-0(1) 179.2(3) N(6)-Ni(1)-0(1) 101.4(3)
N(1)-Ni(1)-0(2} 90.6(3) N(6)-Ni(1)-0(2) 92.2(3)
N(1)-Ni(1)-0(3) 91.8(3) N(6)-Ni(1)-0(3) 86.8(3)
N(2)-Ni(2)-N(4) 77.8(3) N(4)-Ni(2)-0(5) 90.7(3)
N(2)-Ni(2)-N(5) 79.3(3) N{4)-Ni(2)-0(6) 91.9(3)
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Tab. 7 {continuation)

N(2)FNi(2)-0(5) 90.8(3) N(5)-Ni(2}-0(4) 98.8(3)
N(2)}-Ni(2)-0(6) 92.4(3) N(5)-Ni(2)-0(5) 90.5(3)
N(4)-Ni(2)-0(4) 104.2(3) N(5)-Ni{2)-0(6) 88.2(3)

Cortes* and co-workers published the structural data for the complex [Ni{terpy)CI(H20)7]1C1.
The Ni atom is hexa-coordinated forming with one chloride and two water molecules, a
distorted octahedron. The Ni-N distance to the central nitrogen is 1.981A the bond lengths to
the other two nitrogens are 2.096 and 2.097A. Similar distances were found for the complex
bis(4'-phenyl-2,2':6', 2"-terpyridine)nickel(II) chloride decahydrate®.
The infrared spectra indicate a coordination shift of the ligand, the vibrations for the nitrate
anions were found in a broad absorbtion which overlaps a large pant of the spectrum. U.v.
measurements in water solution also indicate the coordination of the ligand. Bands were
observed at 295 and 350 nm. Arempts 10 coordinate bridging ligands as described for the
cobalt complexes were unsuccessful. Furthermore from a reaction of tppz with Ni-oxalate in 2
molar ratio of 1:6 we obtained only the mononuclear complex.
Ni(ox) + tppz + 6H70 - [Ni(tppz)(0x}(H20))-5H20

(5)
The Ni atom has an octahedral coordination sphere. One molecule of water is coordinated with
2 Ni{1)-0(5) distance of 2.094{5)A and one molecule of oxalate with Ni-O(oxalate) distances
of Ni(1)-O(1) 2.063(5) and Ni(1)-O(3) with 2.003(5)A. The central Ni-N{pyrazine) distance is
1.997(6)A whereas the Ni-N{pyridine) distances are 2.096(6) and 2.088(6)A, respectively. Up
10 now no structural data for such similar Ni systems are known in the literature. The central
pyrazing ring in the molecule is distorted by 9.0{4)°. The pyridine rings A and B, coordinated
to the Ni atom, are inclined to one another by 7.3(3)°. The uncoordinated pyridine rings D and

E are inclined 10 one another by 51.5{3)°. This is larger than the same dihedral angle found for

4R, Cortes, M. L. Arriora, T. Rajo. X. Solans. . Miravilles. B. Beliran. 4cta Crvst,, € (1985) 1733,
0E . Conswable. J. Lewis. M. C. Lipurot, P.R. Raithby. Jrorg. Chim. Acta., 178 (1990) 47,
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the similar compiex [CoftppzXma)(H,0)J4AH10, see Table 6. Pyridine rings D and E are

inclined to the central pyrazine ring C by 53.3(3)° and 30.8(3)°, respectively. The pyridine ring

D has the largest dihedral angle relalivelir to the pyrazine ring when compared with the dihedral

angles of uncoordinated pyridine rings in mononuclear complexes, see Tab. 8 and Fig. 14.

Tsb. 8. Selected distances (A) and angles (%) of molecule A of [Nitppz}{oxH0))-5H20

Ni(1)-0(1) 2.063(5) Ni(1)-N(1) 1.997(6)
Ni(1}-0(2) 2.003(5) Ni(1)-N(3) 2.096(6)
Ni(1)-0(5) 2.094(5) Ni(1)-N(6) 2.088(6)
O(1)-Ni{1)-0(3) 81.62.(22) O(3)-Ni(1)-N(6) 104.71(23)
O(1)-Ni(1)}-0(5} 92.11(21) O(5)-Ni(1)-N(1) 92.11(21)
O(1)-Ni(1}-N(1) 96.55(22) O(5)-Ni(1)-N(3) 91.30{20)
O(1)-Ni(13-N(3) 90.81(20) O(5)-Ni(1)-N(6) 89.95(21)
O(1)-Ni(1)-N(6) 91.52(21) N(I)}-Ni(1)-N(3) 77.90(25)
0(3)-Ni(1)-0(5) 89.74(21) N(1)-Ni(1)-N(6) 78.16(25)
O(3)3-Ni(1)-N(1) 176.59(23) N(3)-Ni(1)-N(6) 156.1(3)
0(3)-Ni(1)}-N(3) 99.20(23)

oy,

Fig. 14 SCHAKAL plot of the molecule A of [Ni(tppz)(ox)(H20)]-5H70.
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The infrared spectrum indicates coordination for the ligand as well as for the oxalate. There is
a very strong absorption band for ©{C=0) at 1635 cm-! with a shoulder for the WC=N)
vibration in this segion. In the u.v. ;spe'cuum, recorded in waiei Solution, the bands for the

ligand were found at 29¢ and 350 nm.

2.3.1. Coordioation behaviour of Ni{IT) complexes of tppz with psendohalides and a

squaric acid derivative
Pseudohalides represemt an interesting class of inorganic anions. All are negatively charged,
polyatomic, mesomeric stabilized and monoanions. A summary of importam pseudohalides are

given in Table 9.

Tab. 9. Listing of important psendchalides’!

Structaral rype represeniaive

AB- CN-

ABC- N3, CNQ-, NCO-, NCS-, NCSe~, NCTe"
A(BCYH" N(CN})>-, P(CN)s~

ABCH" C(CN)y™-

ABC)"(n>3) Co(CQ)4~ Mn{CO)s"

The ability to coordinate with complexes of tppz with three of the representative
pseudohalides, NCS", C(CN)3~ and N(CN})y", were tested. Numerous comparisons as well as
the formation of corresponding mixed complexes show that there are marked analogies
berween thiocyanate and halide complexes in both their stability and structural features®!. It is
considered that the thiocyanate ion is a stronger donor figand than the halide ions. In this case

the SCN- shoutd form more stable complexes than the corresponding halide jons. In fact,

STAM. Golub, H. Kthler, Chemic der Pseudohalogenide, Deutscher Verlag der Wissenschaften, Berlin 1979.
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however, this was only observed for metals such as cobalt, nickel, zinc and indium, Based on
the charge distribution data given for the SCN- anion, there are several possibilities for the

coordination behaviour of the SCN-group, Some examples are given below.

M—— NCS M—SEN M—— SEN——M
] n v
M M M
ncs< NCS<M M —scn<
M L] M
v vi v
M L} ] L}
scn< — NCS< >scn<
M M M M
w 14 X
M PN PN
NCS€—M M M M "
W sen” nes<”
X Xko b

Not all of these types have been detected by X-ray structure analyses®. According to the
conception of Pearson a SCN-group coordinated through the nitrogen represents a hard base,
whereas a sulphur-coordinated SCN is considered as a soft base, Therefore it is assumed that
soft acids coordinate via sulphur and hard acids prefer the nitrogen. On the other hand it is
established that the divalent cations from Fe 1o Zn build a middle class which may react with
both hard and sofi bases. The limitation of Pearson's classification are indicated by many

results.



The possibility of the coordination X1la was found by Rojo et ali 3 32, They obtained from a
resction of [Mi(terpy)CHH0) JC1HHL0 with KSCN or KSeSCN (1:3) the dimerc complex
[{Ni(terpy)(NCX)3)2] (X = S, Se). T}Ie X-ray structure analysis indicates that both of the
complexes are isomorphous (triclinie c;:lls and the same space group). Interestingly, the two Ni

atoms are bridged by rwo thiocyanato ions and the two others act as terminal ligands, Fig. 15.

S{2
col
H(5)
N4y B
sy 08 N
~ 3

Fig. 15. Motecular structure of the dimenic complex [{Ni(terpy}(NCS)3)-].

The Ni-Ni separation in the complex is 5.633(3) A The two thiocyanato ligands of the
bridging unit are coplanar being related by an inversion center. The Ni(ll) ions are below and
above (£0.056 A) the coordination sphere of the four nitrogen atoms, The complexes exhibits
a ferromagnetic exchange interaction. The electromic spectra of the sulphur compound exhibits

three bands at 10600, 17200 and 24300 cm) which could assigned to the d-»d transition

T, Rojo. R Cotés, L. Lezama, M1, Arrioriua, K. Uniaga. G. Villeosuve, . Chem. Soc., Dalton Trans.,
(1991} 1779.
BT, Rojo. R. Corés. L. Lezama. LL. Mesa. . G. Villenewve. Jrorg. Chim. Acia, 162 (1989) 11,
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[FA2g~3Tag. 2A2g3Tg(F), 3A243T o(P)] in an octahedral coordination sphere for the
d8 ion. Infrared spectra contain the bands for the [*CN] at 2100 and 2130 em™1,
Furthermore we carried out a reaction of [Nis(tppz)(H0)5J(NO3)¢ 3H20 with NH4SCN

(moler ratio 1:4) in water solution at 70°C.

[Niz(tppz)(H20)6)(NO3)4-3H20 +  4NH4SCN -~ [Nin(tppz)(SCN)4(H20})p] + TH0
' ) ANH4NO3
From the resction mixture a red powtjer precipitated very quickly. By the elemental analysis
resulis we assume the composition [Mz(tppz)(SCN']4(H20)2] (6). The compound is sparingly
soluble in ali common solvents and recrystallization from a large amount of several solvents
gave only very fine crystals which were not suitable for X-ray diffractioo studies. From infrared
mezsurements (KBr) we obtained the information that in the solid state a coordination of SCN-
takes place. The characteristic bands of the thiocyanate (in NHASCN) are found for W(CN) at
2050 sh, vs; {CS) &t 752 m and #«(SCN) at 477 m cm-!. The position of the bands
corresponding to the »{CN) stretching vibrations can Hlustrate the coordinztion mode to the
metal ions. The 1{CN) frequencies of the various types increase in the order SCN- < M-NCS§ <
M-SCN < M-NCS-M. In the case when bridging SCN groups are present, ¥CN may increase
by 70-120 cm*! compared with that of the SCN ion (2050 cm™!).
We found a broad band with 2 shoulder in the spectrum of the complex shifted by 50 cm*1 to
higher wave numbers (2100vs em'!). This could be an indication of M-NCS coordination
mode. In the reflectance spectra (compound diluted with MgO) we found the three expected
dd transition bands (3Agg=+3Tog, 3Agp-3T)o(F) 3A25-+3T 4(P)] for octahedral (Op)
symmetry at 11363, 13333 and 24390 em-].
The anion dicyanamide (N(CN)™), which was also used also offers the possibility to act as
bridging ligand to form coordination potymers. The very close relationship of the dicyanamide
ion to the cyanates is a consequence of the pseudohalide character of the NCN-group. Alkali

dicyanamides are casily obtained by treating afkaline cyanamide solution with cyanogen
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bromide}¥* (NaNHCN + BrCN + NaOH - NaN(CN}; + NaBr + Ha10)
The sodium dicyanamide trimerized a1 higher 1emperatures to 1Rcyanomelamine a homologe 10
the cyanuric acid. The addition of one molecule of alcohol r'es'u’]'iéd in the formation of N-
cyano-O-ethyl-isourea, and in the presence of Zn2+ or Cu?* a catalyzed addition of another
molecule of alcohol*® occurs. Todey & number of dicyanamide complexes are known (Table
10). Dicyansmide has a low basicity like tricyanomethanide and thiocyanare but it is a good
complexing ligand. In generally this compound is capable of forming covalent as well as

coordinative bonds via the cyano nitrogen or the amide nitrogen. See the mode of bondings:

N ' I ' H/M
'—'=°=~/ M—ch—N// Mo g gz /
u/ ]
“Via Vi .N/"' Vil N/u
J /. 7
M N g M— N B iy - \N=C—N
L M u/ "
C¢NI
A\

L]

HB L Evans, A.D. Joffe. P. Gray, Chem. Rev. 59 (1959) 515.
$3W. Beck, P. Swoboda, K. Feldl, R.S. Tobias. Chem. Ber. 104 (1971} 533,
S6T.A. Turnev, G.A. Wright. Chem. Rev. §9 (1959) 497.
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MO calculations geve a much higher charge density (-1.155) for the cyano-N atoms than for
the amide-N (-0.677), which shows the ambivalent character of this ligand.

The bonding situation in dicyanamide derivatives is reflected in o typical way by the infared
spectra, see Tab. 10: When the dicyanamide behaves as a multidentate bridging figand
(coordination polymers are frequently observed), then generzlly 2 shift of the {CN) stretching

vibration bands towards higher wavenumbers is observed.

Tab. 10. Summary of the /{CN) stretching vibrations of dicyanamide in several bonding modes

{recorded in KBr or nujol)s!

compound H{CN) bond type
[Zn{N(CN)7} 4% 2140vs, 2210m, 22355 VI
[Co{N(CN)2}o(NCS)2]2-  2168vs, 2230m \Y|
[Co{N(CN)2} 412 (s01) 21855, 2230m Vi
[CA{N(CN)3} 4] 2160vs, 2210m, 2230s vl
(CgH5)aP(OINCNCN 2190vs, 2260s !
(CgHsRPIOIN(CN), 22605 X
[{CH3)25n{N(CN)1)2)a 2210--2225s, 2256 Vil
[Ni{CsHsN2){(N(CN)z} 2]y 2200vs, 2255m Vi
NI {N{CN)2}3"]n 21855, 2250m VI
[Ni{N(CN}2}2]n 22103, 2260sh vl

We studied the reaction of [Nia(tppz)}(H20)6](NO3)4-3H2O with KN(CN)» and obtained

small orange red crystals which were soluble in a large amount of water,

[Nia(tppz)(H20)61(NO3)4-3H20+2KN(CN}y+[Nis(tppz) {N(CN)2 1 2(H20)4)(NO3 )2 +5H20

O] + 2KNO;.
The infrared spectrum (KBr) of KN(CN)2 contains the following characteristic bands; 915 w
[vs(C-N)]; 1327 5 as{C-N); 2152 wvs s{CN); 2222m; was(CN), 2262s,
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pstras(CN). In the spectrum of the complex we found in the {CN) region four vibration
bands at 2284 5, 2128m, 2171 vs and 2218 s cm™). Here we found an a@ditional signal which
could be an indication of twd different types of bonding modés in the complex. Elemental
analysis results agree with the composition {Ni2(tppzH{N(CN)2}2(Hs0)4)(NO3)2. The
reflectance spectra exhibits three bands at 11353, 19607 end 26666 cm-!. The bands have been
ascribed 10 a d-»d transition near to Oy, symmelry [3Agg—-3ng, 3A2g-3T|g(F), JAzg~
i@l

The ligand tricyanmethanide is also a very interesting molecule because it coordinate
polydentate. This ligand can be obtained from a reaction of 1,1-dicyano-2-amino-2-

alkoxyethene with potassium bydroxide®”. In the following scheme the possible bonding modes

are given.
— . /
u-—ch—c// ﬁ=c=c/ n— u=‘c—-——c/
AR N\

\ \ \\
H/u N/N Ml

c// M cf ci

7

STy, ), Middieton, V.A Engelhardt, J. Am. Chem. Soc. B0 (1958) 2788
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MO caiculations show, in agreement with the above mentioned results thet the cyano nitrogens
are much more negative (-1.114) than the central carbon atom (-0.374), but tricyanmethanide
is able 1o form bonds of different types: '

Because of a high degree of the ionic charge delocalization the three cyano N-atoms are
equally capable of establishing coordinative bonds. This enables tricyanomethanide to act not
only as a monodentate but also preferably as a bi-and tridentate ligand bridging function, A
tetradentate coordination was shown by an X-ray structure analysis of the dimethyl-thalium
tricyanomethanide’®. Infrared spectra of complexes containing the C(CN)3- ligand enable one
to predict a cvordination type analogous to Fig. 16. A combinztion with the 15N nm.r,

spectroscopy allowed a mare realistic characterization.

200

al

20
k. m
4 -~

-]

Fig. 16. Comparison of the ®{CN} stretching vibrations of
coordinatively mono-, bi and tridentate Ni(Il} complexes containmg tricyanomethanide.

o [Ni{NCC(CN}p}a(pyla)l. & [NI{NCC(CN)a)a(pyhl, ¢ [Mi{NCC(CN}}4) ™!

321 H, Enemark, R.H. Holm, fnorg. Chem., 3 (1964) 1316,
19Y M. Chow. D. Britton. deta Crvsr,, BY1 (19753 1934,
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We cammied out a reaction of [Nia{tppz)(H20)gJiNO3)g-3H20 with KC(CN)3 in a molar ratio
of 1:2 and obiained an orange powder which precipitated very quickly.
. .
[Niz(1ppz)(H20)5](NO3)4-3H20 + 2KC(CN)3 —[Niftppz)2(C(CN)3)2-2H20 + Ni(NO3)
(®) + 2KNOj3 + TH20
After recrystallization from a methanol/water solution we obtained very fing orange plates. The
infrared spectrum contains the characteristic bands for the tncyanmethanide at 2157vs, sh
cm- 1. This is an indication that C(CN)3~ acts as counter ion in a non-coordination mode. In the
W C=C), {C=N) region the characteristic bands for the coordinated tppz are present at 1599
m, sh; 1569 m; 1542 w; 1480 m; 1469m; 1446m and 1403s em*!. By means of elemental
analysis results we propose the composition [Ni(tppz)oJ(C{CN)3)-2H20. It is assumed that
two molecules of tppz are coordinated in an octahedral coordination sphere around the nickel
atom. This was structurally proved for & similar zinc complex. FAB mass spectroscopy gave

the following typical fragments which are a further indication for the predicted arrangement:

Tab. 11. FAB-mass spectrum (70eV) of [Ni(tppz)2J(C(CN)3)- 2H;0

m/e rel. intensity (%5) fragment
925 28 [{Nictppz)z} (CCCN))TF
835 45 [Ni(tppz)2 Tt

447 98 [Ni(tppz)i*

The refiectance spectra of the diluted compound (MgQ) exhibits three bands at 12345, 20202
and 25316 cml. The bands have been ascribed 1o 8 d—d trensitioo near to Oy, symmetry
[(3A25-3T2g, 3A2g3T1(F), 3A75~T1g(P)]. The n.m.s. spectra in DMSO solution shaws
the decomposition of the complex, We found four signals for the free ligand at 9.47 (m), 9.10
{m), 7.60 {m) and 6.10 (m) ppm.
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Furthermore, we carried out a reaction of [Nis(tppz }{H20)](NO3)4-3H70 with 2 manganese
complex of squaric acid (sqacHj3) (ratio 1:1) Mn(H,0)4(sqacH})3]; synthesized by Wang®®.
(Niz(tpp2)(H20)6)(NO3)4- 3H20+{Mn(H20)4(sqacH)7]-+[Nix(tppz)} H20) }(sqac)y 2. 5H,0
$)
+Mn{NQ3)2+2HNO3+4.5H20
From this reaction we obtained a red brown powder and afler recrystallization from
methanol/water solutions we isolated well formed block like crystals suitable for X-ray
diffraction studies. The squaric acid molecules act 85 counter jons in the new compound
[Niz(tppz)(HyO)g)(sqac)2-2.5H0*. During the reaction the manganese complex
decomposed. The new complex possess crystallographic Cj symmetry and we found an
interesting molecular arrangement. The four oxygen atoms of the squaric acid are hydrogen
bonded to the six coordinated water molecules of the binuclear nickel complex to form a
polymeric network. Additionally the water molecules of crystallization are hydrogen bonded 10
each other and to two oxygen atoms of the squaric acid. The C-C and C-O distances

demonstrate the charpe delocalization in the molecule, Table 12

Tab. 12. Coltection of C-C and C-0 distances (A) of the squaric acid molecule molecule
07
.
04 ....‘S/ /ﬁm o5

T

0s
C(13)-C(14) 1.453(11) C(15)-C(16) 1.477(H1)
C{14)-C(15) 1.450(11) C(16)-C(13) 1.455(11)
C(13)-0(4) 1.265(9) C(15)-0(6) 1.250(9)
C(14)-0(5) 1.263(10) C(16)-0(7) 1.237(10)

50Yi Wang, petsonal communication,
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This could be the reason for the strong hydrogen bonding network. The Ni-N{pyrazine)
distance in the centrosymmetsic bis(iridentate) complex (2.011{6) A) is shoner than the Ni-
N{pyridine) distances {2.085(6), 2.084(7-)1\). These values aré ¢oifiparable with those found for
the corresponding nitrate complex. The Ni(1). Ni(1)® separation is 7.488(19)A and the
separation of the Ni(1) atom 1o N:(l)b, NiD® and Nn(l)d are 7.2430(20), 8.468(21) and
6.632(18)A respectively. The Ni-O(water) distances are given in Table 13. The pyridine rings
A and B are inclined 1o one another by 4.9(3) and 1o the cenural pyrazine ring C by 73.0(3) and
70.0(3)°, respectively. The central pyrazine ring is distoned and the dihedral angle between
plane C~C* is 10.7(3)°. Only the protons of the water molecule O(3) were located.. The
distance O(3)-HW(31) is 0.81(6) and the distance of HW31..0(5)P of the squaric acid was
found to be 1.86(6)A, whereas the distance between both oxygens O(3)-O(5)P is 2.678(8)A.
The angle O(3)-HW(31)...0(5)? is 168°. We found further imponant disiances of O(5)¢ and
O{S)d to HW(32) \ﬁth 2.21{8) and 2.21{7)A. ANl distances which are indicarions for hydrogen
bridging bonds are collected in Tab. 13. The protons of O(1) and O(2) were not located and

for this reason short O-0 distances are given to demonstrate the interactions in the crystal.

Tab. 13. Selected distances () of [Nia(tppz)(H20)g](sqac)z2.5H30

Ni(1)-N(1) 2.011(6) Ni(1)-0(1) 2.101(6)
Ni(1}:N(2) 2.085(6) Ni(1)-0(2) 2.110(6)
Ni(1)-N(3) 2.084(7) Ni(3)-0(3) 1.968(6)
0(5)>-0(3) 2.678(8) 0(54-003) 2.706(8)
0(6)P-0(2) 2.724(8) 0(4)d-0(1) 2.678(9)
O(5)>-HW(31) 1.860(6) 0(5)d-HW(32) 2.210(7)
O(7)-0(1)8 2.713(8) O(4)-OW(8)C 2.831(9)
0(6)-0(2) 2.691(8) O(7)-OW(S) 2.873(13)
OW(9)-0W(10) 3.000(3) OW(8)-0W(S)h 2.826(13)
OW(9)-OW(10)k  2.440(3) OW(8)-0W(5)8 2.952(9)

OW(10)-OW(I0K  1.570(5)




Symmetry operations; 2 1.5-x, y. 05z P2x 15y, 05z 05+x Iy, 0.5+z
dy, 0.5+y, 0.5-2: 81-x, 1.5-y, 0.5-; h.0.54x, 0.5y, z kix, 1-y, -z..

A demonstration of the hydrogen bonded network between the oxygen atoms of the squaric
acid molecules and the protons of the coordinated water molecules are given m Fig 17 and a

demonstration of the packing in Fig. 17a.

Fig. 17. Demonstration of the hydrogen bridges between the oxygen atoms of the squaric acid
molecules and the water molecules n the complex [Niz(lppz)(HgO)é]z‘, water

molecules of crystallization are omitted for clarity.
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Fig 17a. Demonstration of packing ia the crystal of the bydrogen bonded polymer
[Nia(tppz)(H20)s](sqac)2 2.5H20.

Because of the close arrangement of nickel atoms in the crysial packing of the starting material
4 and the hydrogen booded polymer 9 magnetic investigations are in progress and will be
published €1,

61To be published.
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2.4, Structural and magnetic properties of Cu(I) complezes of 1ppz

Copper in the oxidation state (II) reacts with ammonia in aqueous medium uoder stepwise
addition to [Cu(NH3)(H20))2* .. [Cu(NH3)4(H20%R12* A coordination of five or six
molecules of ammonia is generally difficult due to the Jahn-Teller-effect. Therefore, a
coordination of tppz with Cu2* to build a polymer structure is nearly impossible, for this
reason we introduced further bridging Fgands.

From & reaction of tppz with two equivalents of Cu(ClQ4)2 in 2 EtOH/H>0 mixture at 90°C

we ohtained green square rods.

Cu(Cl04)2 6H20 + tppe - [Cuz(tppz)(H20)4](C104)4-2H20
(10)

X-ray structure analysis showed that this is a dinuclear complex and the ligand coordinates in a
bis-tridentate? manner. The complex possesses crystaliographic C; symmetry and the central
pyrazine ring is planar, see Fig. 14. The pyridine rings A and B are inclined to one another by
34.3(2) and by 21.3(3) and 21.7(3)°, respectively, to the central pyrazine ring C. The shortest
C...C intramolecular distance is between atoms C(4) and C(9) with 3.089A. Protons H(4) and
H(9a) are separated by 2.316 A The coordination sphere of the copper atom can be described
a5 & distorted square pyramidal, the copper atom being displaced by -0.008(3)A from the plane
through atoms N(1), OW(1} and OW(2), with atoms N(2) and N(3) disptaced by -1.982(5) and
1.953(5)A, respectively, and the N(2)-Cu-N(3) angle equal to 158.57(15)". The central Cu-
N{pyrazine) distance is slightly longer than the central Cu-N(pyridine) distance in the copper
terpy complexes®?, #4, & while the Cu-N{pyridine) distances are significantly shorter (c. 0.044),

M. Grai. B, Greaves, WL Stoeckii-Evans, Jrorg. Chim. Acta, 204 £1993) 239,

63W. Henke, 5. Kretver, D. Rheinen. fnorg. Chem., 22 (1983) 2858,

ST Rojo. M. Vlasse, D. Beltran-Porter, dcta Cryst., C39 (1983) 194,

83T, Rojo. R Cortes, L. Lazama, LL. Mesa, J. Via. M.}, Arriortua, fnorg. Chim. Acta, 185 (1989) 91.
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see Table 14. The Cu..Cu separation in the dinuclear complex is 6.497(2)A (symmetry

operation. 2-x, 1-y, -2), selecliq bond distances are given in Tab.i5, _

T

Tab. 14. Selected distances (A) n Cu{ii) complexes of tppz and terpy

[Cua(tpp2)(H20)4) [Cuiterpy)Clz]  [Cu(terpy)Clz}(H20) [Cu(terpylNCO)

(H20)(NO3)

Cu-N(1) 1.962(3) 1.952 1.952 1.942
Cu-N(2) 2.007(4) 2,056 2.0442. 2.047
Cu-N(3)  1.999(4) 2.052 2.039 2.043
Cu-Ci(1) 2252 2221

Cu-Ci(2) 2.469 2.554

Cu-OW1  1.955(3)

Cu-NCO 1893
Cu-OW2  2.209(4) 2.210
Cu.Cu 6497022 5.54 4,01 3.950

Fig. 18. SCHAKAL plot of [Cua(tppz)(H20)4)(C104)4.
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Tab. 15. Selected distances (A) and angles (°) of [Cup(tppz)(H2034)(C104}4

Cuf1)-N(1) 1962(3) Cu(1)-OW(1) 1.9553(3)
Cu(1)-N(2) 2.007(4) Coe(1-0W(2) 2.209(4)

Cu(1)-N(3) 1.999(4) Cu(1)-Cu(12) 6.497(2)

N(1)-Cu(1)-N(2) '80.42(15) N(2)-Cu(1)-OW(I)  99.71(16)
N(1)-Cu(1)-N(3) 80.18(15) N(2)-Cu(1)-OW(2)  94.42(16)
N(1)-C(1)-OW(1} 174.74(15) N(3)-Cu(1)-OW(1)  88.77(17)
N(1)-Cu(1)-0W(2) 94.04(19) N(3)-Cu(1)-OW(2)  95.95(18)
N(2)-Cu(1}-N(3) 158.57(15) OW(1)-Cu(1-0W(2) $1.20(19)

Symmetry operation: 32.x, 1.y, -z.

In the infrared spectrum (KBr) we found the corresponding (»C=C, C=N) stretching vibratians
es & characteristic pettern at 1630s and 1601vs cm™] which indicates e shift of the free ligand of
42 and 34 cml. Further bands in this regian are found at 1499w, 1477s, 1424m, 1417w,
1390w em!. UJ.v. measurements in water as solvent also indicates the coordination of the
tigand (M) max=300 and Agmax=362 nm). The elemental analysis is in agreement with the
composition shown by X-ray analysis.

E.p.r. studies of mixed hexafluoroacetylacetonate complexes of copper(ll) are reported with
some diimine tigands in22 by Escuer et al. in 1989, The raom temperature e.p.r. spectra of the

polycrystalline monomeric compounds {CuL(hfacac)y], with L= dpp, dpq, bdpq, dMedpq and
Cldpq are axial with g, g, values shown in Table16,
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Tab. 16. Room temperature polycrystallive e.p.r. spectra of several copper compounds

Compound (. B ’ 8 ' A (G)
[Cuhfacac);DPP] 230 209

[Cu(hfacac),DPQ) 2.31 2.07 140
{Cu(bfacac};DMeDPQ] 2.31 2.08 140
[Cu(hfacac)>BDFQ] 230 2,08

[Cu(hfacac);)CIDPQ) 231 2.09
[{hfacac)sCu-{1ppz)-Culhfacac);] 2.32 209

The powder spectrum of the binuclear complex [(hfacac)zCul(tppz)Cu(hfacac)y)?? is only
slightly different to the mononucleat complexes, indicating that no exchange interaction is
operative betweeo the two metal ions,

From a similar reaction in the presence of 2M HCl we obtained large green lozemge type

crystals.

2Cu(C104); + tppz + 2HC - [CultppzH)C1)2(C104)4
(i1}

The X-ray structure analysis showed that the copper atom is five-fold coordinated and the
complex forms & dimer with a bridging Cu...CI? distance of 2.682(3)A, 8 Cu...Cu? bridging
separation of 3.446(3)A and a bridging angle Cu-CI(1)...Cu? of 88.49(7)°, see Fig. 15. In 1993
E. Spodine et 2l.% published the structure of the dimeric five-caordinated Cul* complex
[Ce(DPM)Cl;]; with asymmetrical bridging Cl atams. Tbe Cu-Cl band lengths were 2.315(1)
and 2,62%(1)A in this case. In [Cu(tppzH)Cl)2(C104)4 the dimers are stacked up the a axis
with a short Cu...Cub inter-stacking distance of only 3.854(4) A, see Table 11 and Fig.16. The

coordinated pa}t of the ligand is less planar than that found for Culterpy)

$6E, Spondine, J. Manzus, M.T. Garland, J.P. Fackler; jr., R.J. Suaples. B. Trzinska-Bancrofl, Jnorg. Chim.
Acta, 203 (1993) 73,
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complexestT, € ,6145 The tarsion angles N(1)-C(1)-C(3)-N(2) and N(1)-C{2)-C(8)-N(3) are
2.3 and 13.7°, respectively, compared to 8 maximum value of 8.93° and a minimum value of
0.03° in the Cu(terpy) complexes considered. However, this system is more planar than in the
zinc complex deseribed later, where the same torsion angles are -5.8 and -17.8°, respectively.
The pyrazine ring is considerably distorted. The dihedral angle between planes C[C(1), N(1),
C(4)] and C[C(2), N(2), C(3)] is B.0(2)°. Larger and smaller rwist angles have been observed
in the pyrazine rings in complexes of rhadium (12.3 and 15.3°)%, a ruthenium {12.83%)% and a
copper complex (3.9 and 8.0°)! containing the similar ligand 2.3-bis(2-pyridyl}-quinoxaline
~(bpq) and the zinc complex described later. The coordinated pyridine rings (A and B) are
inclined to one another by 1.9(2)° and to plane C' by 13.7(3) and 13.0(3)°, respectively. The
uncoardinated pyridine rings (D and E) are inclined to one another by 49.8(2)° and to plane C"
by 38.2(4) and 41.8(3)°, respectively. The copper coordination is best described 25 distorted
square pyramidal (7 = 0.27); the copper atom being displaced by 0.172(2)A from the best plane
through atoms N(1), N(2), N(3) and CI{1) (planar ta within 0.002(2)A). Atom CI(}#) accupies
the apical position at 2.682(3)A from atom Cu(l), showing a typical Jshn-Teller distortion,
The central Cu-MN(pyrazine) distance [1.943(4)A] is similar to the central Cu-N(pyridine)
distance observed in 2 number of monomuclear Cu(terpy) complexes®™<* and in two dimenic
Cl-bridged Cu(terpy) complexes®#* and a NCO bridged Cu(terpy) complex®®. The lateral Cu-
N(pyridine) distances are also similar to those observed in the above mentioned compounds,
see Tab.18. The pyridine ring involving atom MN(6) is protonated and hydrogen bonded to a

perchlorate O atom, see Tablel7,

£7T. Rojo. M.1. Arriotua. J. Ruiz, ). Dariet. G. Villenzuve, D. Beltran-Porter. J. Chem. Soc., Dalion Trans.,
(1987) 285.
58] .V Folgado, P, Gomez-Romere, F, Sapina, D, Beltran-Porter, .J. Chem. Soc., Dalton Trans., (1990} 2325.
695 C. Rasmussen. M.M. Richter. E.Yi.H. Place, K.]. Brewer, Jnorg. Chem, . 29 (1990) 3916,
D.P, Rillema. D.G. Taghdiri. D.5. Jones. C.D. Keller, LA Wrol, T.). Meyer, HA Lewy, Jnorg. Chem.. 26
{1987 578.
71y K. Goodwin. W.T. Penningtor. ).D. Petersen, Acta Crvst., C. 46 (1990) 898,
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Fig 19a. PLUTO packing diagram of {Cu(tppzH)CI]2(Cl104)4 (11).

TIE.). Gabe, Y. Lt Page. I.P. Chatland. F.L. Lee, P.5. White, NRCVAX-an Interoctive program Sysiem far
Structure analvsis. J. Appl. Crysialiogr. 22 (1989) 384,
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Tab. 17. Selected distances (A) and angles {°) of [Cu(tppzH)Cl12(C1O4)7 (11)

Cuf1)-CK1) 2.2359(16) Cu{1)-N(2) 2.013(4)
Cu(1)-Cl{13) 2.682(3) Cu(1)-NG) 2.022(4)
Cu(1)-N(I} 1.943(4) Cu(1)-Cu(12) 3.446(3)
N(6)-H{6N) 0.71(6) Cu(1)--Cu(1b) 3.854(4)
H(6N)--0(34) 2.18(6) N(6)-0(34€) 2.86%(7)
CI{1)-Cu{1)-Cl{13) 21.51(7) CI(18)-Cu(1)-N(3)  95.48(11)
CHD)-Cuf1)-N(1) 170.59(11) NEH-Cu(1)-N(2) 79.82(14)
CI{1)-Cu(1)-N(2) 99.11¢11) N(D-Cu(1)-N(3) 79.86(15)
CI(1)-Cu(1)-N(3) 99.58(11) N(2)-Cu(1)-N(3) 158.05(14)
CH1)-Cu(1)-N(1) 97.90(12) Cu(1)-CI(1)-Cu(12)  88.49(7)
CI(1)-Cu(1)-N(2) 95.43(11) N(6}-H(EN)--0(34%) 163.00(6)
82.x, l-y, -z; P=x, I-y, -z, S-14x, v, 2.
Tab. 18, Selected distances (A) in CufIT) complexes of tppz and terpy

[Cu(tppzH)Cll;  [Cu(terpy)Cl2]z [Cu(terpy)(NCO)=  [{Cu(terpy)Cly)=

H20)]2(PFg)y CuClaly

Cu-N(1) 1.943(4) 1.909 1.933 1.938
Cu-N(2) 2.013(4) 2,021 2.038. 2.021
Cu-N(3)  2.022(4) 2.017 2.028 2.014
Cu-CI(1)  2.236(2) 2.218 2,221
Cu-Cl(1) 2.6823)b 2.723 2613
Cu-NCO 1.906
Cu-OW 2298
Cu.Cu__ 3.446d 3.510 3.678 3.595

Symmetry operations:D2-x¢, 1y, -z



The infrared spectra (KBr) indicates the presence of the caordinated ligand. In the region of
the ¥(C=N), HC=C) t.'ibrationf we found the characteristic doublet split into four bands at
1626m, 1614vs, 1601s anc; 1589m cm-! probably by reason of the coordinated and
uncoordinated pyridine rings of tppz, respectively. Funher bands in this region are present at
1541w, 1549w, 1533m, 1469m, 1460m, 1442m, 1403m cm-!. The strong band far the
perchlorate vibration averlaps s large pant of the spectrum. U.v. measurements in warer
solution indicate the caordination of the ligand. We found the absarption bands for 1ppz a1 300
and 360 nm.

Cyclovoltammetric measurements were undertaken in acetanitrile solutions. The working
electrode was a platinum microelecirode and Ag/0.01 M AgNO3; was used as reference
electrode. The reversible half-wave potential of ferrocene was measured and amounted to
91 mV. The background electrolyte was 0.1 M terrabutylammoniumhexaflueraphasphate
(TBAP) solution. The cyclovoltamograms were scanned at 5, 20 and 50V/s between +(.5 and
-1.5 V. The two reduction waves for the ligand are outside of this potemtial range. Far the
chloride-bridged dimer two reduction peaks £1 = 0.006 V and E7 = -0.396 V as well as ane
oxidation peak at -0.143 V were observed, the cyclovoltammogram is given in Fig.20.
Therefare, we assume a stepwise reduction from a Cu?*-Cu?* species ta Cu*-Cu* and from
Cu?*-Cu* to Cy*-Cu* complex. A peak to peak separation of 0.4 V is observed. This
behaviour was also found for the [Cu(DPM)Cl]z complex mentioned above®. For the
oxidation we found only one wave which is less pronounced than the reduction waves, The
cyclovoltammograms recorded with scan rates of § , 20 and 50 V/s, (see Fig.20a) may indicate
a kinetically hindered process. For the reduction we found with a 20 V scan rate the poteatial
Eyj= 0015 V, E3= -0.436 V and at 50 V scan rate for £1=-0.048 V and Ey= -0.476 V. A
determination of the potential for the axidation at higher scan rates is impossible. A
comparison of electrochemical behaviour with the other copper complexes containing tppz was

impossible due 10 the very paar solubility of these compounds in acetonitrile.
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Fig, 202 Cyclic voltammogram for [CultppzH)C1]2(C104)2 in CH3CN solution; scan speed.
S Vis, 20 Vis and 30 Vs, 0.1M TBAP; we. platinum micro:_elec:rode: re: Ag/0.01 M
ASNO3, E; smane?| mViS.

The reaction of tppz with an excess of CuCla (metal to ligand ratic 6:1) in water/ethanol at

}
90°C yields a compound crystallizing in the form of dark green crystals 12.

2CuCl»-2H,0 + tppz + H-0 - [Cur(tppz)Cly} 3HA0
(12)

Crystal structure analysis showed that it is a dinuclear complex which crysiallizes with five
molecules of water. Reaction attempts with ligand to meral ratios 1:f or 1:2 resulted in a
mononuciear complex which crystallized as fine plates not suitable for X-ray analysis. The
expectation of chloride bridges in this complex, which could give the possibility of forming
coordination polymers, failed. In this case the central pyrazing ring is distorted by 10.18(24)°,
see Fig.2l. In comparison with the corresponding Cu-N distances of the complex
{Cu(terpy)Cls] all Cu-N bond lengths are slightly longer, see Table 14. The Cu{1)-Cu(2)
separation in the dinuclear complex i 6.565A and the shortest intersiacking distances between
Cu(1)-Cu(la) and Cu(2)-Cu(2a) are 4.425 and 4.375A. The Cu-Cl(2) and Cu-C1(3) distances
{2.4987(16)A, 2.5386(15)A) are significantly longer than the distances berween Cu-Ci(1) and
Cu-Cl{4) of 2.2281(15) and 2.2093(14)A because of the Jahn-Teller-effect (chloride aloms are
situated nearly in the plane with the ligand). The pyridine rings A, B, D and E are inclined
relative to the central pyrazine ring C by 20.70(18)°, 16.47(18)° ,17.14{17)° and 26.72(17)°,
further imporiant dihedral angles are given in Table 18a.

Tab. 18a. Dihedral angles (°) berween the pyrazine ring C and the pyridine rings of CuZ*

complexes of tppz
angle [Cur(tppz)(H20Yy)** [CuftppzHCl] [Cu~{tppz)Cly]
A"B 34.3(2) 1.9(2) 6.43(20)
AMC(C) 21.3(3) 13.7(3) 20.70{18)
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Tab.18a. (costinuation)

BC(C) 21.73) 13 063) 16.47(13)
DAE T4y 12.83(18)
DAC 38 2(4) 17.14017)
E°CT 41.8(3) 2672017
A'D 16.8(2) 37.65(19)
A°E 62.47) 47.14(19)
B"D 13.1(3) 32.69(18)
BE 61.9() 43.18(18)
cre 0 $.007) 10.18(24)

The shortest C...C intramolecular distance are those between atoms C{6)-C(11) 3.164A and
C{16)-C(21) 3.119A. The protons H(6)-H{11), H(16)-H(21) are separated by 2,443\ and
2,242, respectively. We found the angle N(3)-Cut13-N{6) to be 156.07(17)° and for N{4)-
Cuf2)-N(5) 155.59(17)°. The coordination sphere of the copper atom can be described as
distorted square pyramidal (r¢ (1) = 0.25; 7Cy(2) = 0.2). Selected bond distances are given in
Table 19.

Fig. 21. SCHAKAL plot of [Cualtpp2)Cla) {12).
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Tab. 19. Selected distances () and angles (°) of [CuxftppziClyf 3HA0 (12)

Cu(1)-N(1) 1.980(4) Cuf2)-N(2) 1.982(4)
Cu(1)-N(3) 2.025(5) Cu{2)-N(4) 2.023(4)
Cu(1)-N(6) 2.025(4) Cu(2)-N(3) 2.022(4)
Cu(1)-CI() 2.2281(15) Cu(2)CI(3) 2.5386(15)
Cu(1)-Cl(2) 2.4987(16) Cu(2)-Cl{4) 2.2093(14)
Cu(1)-Cu(2) 6.563 Cu(1)-Cu(13) 4425
Cu(2)-Cu(2b) 4375

CI1)-Cu(1}-CK2)  103.14(6) CIG)-Cu(2)-Cl4)  105.23(6)
N(H-Cu(1)-N(3) 79.66(17) N(2)-Cu(2)-N(d)  79.36(16)
N(1)-Cu{1)-N(6) 78.76(17) N(2)-Cu(2)-N(S)  78.85(i7)
N()-Cu(D-CI(1)  161.63(13) N(2)-Cu()-Cl(3)  B7.57(13)
N(D-Ca{1)-CI(2)  95.20(13) N(2)-Cu(2)-Cl(4)  167.40(i3)
N(3)-Cu(1)-N(6) 156.07017) N(4)-Cu(2)-N(5) 155.59(17)
NG3)-Cu()-CI{1)  99.21{13) N(4)-Cu(2)-Ci3)  98.38(13}
NG3)-Cu()-CiZ)  96.27(i4) N4)-Cu(2)-Cltd)  98.34(12)
N(6)-Cu(1)-CI(1)  98.00(12) N(5)-Cu(2)-CI(3)  92.44(13)
N(6)-Cu(1)-Cl(2) __ 95.88(13) N(5)-Cu(2)-Ci4) _ 99.81(13)

Symmetry aperation: 8 2-x, l-y,-z. Y 1-x,1.y,-z.

Far further characterization w.v. spectra, infrared measurements and elemental analyses were
made. The w.v. data in water as solvent indicate a coordination of the ligand, twe bands are
present at 306 and 363 nm. In the infrared spectrum we found in the /{C=C}, H{C=N) region
bands at 1596s; 1585s,sh; 15685 cm-! an additional band and shoulder was also observed. A
reason for this could probably be the influence of the distorsion in the pyrazine ring. Further

bands in this region were present at 1390s, 1403ws, 14455, 14655, 1475m, 1520w,
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1340w cm!, With the componds 19, 11 and 12 maunetic investigations were carried our®?. For
paramagnetic compounds a ferromagnetic or antiferromagnetic exchange interaction possible.

The qualitative temperature dependence of the magnetic suscepiibiiity is given in Fig. 22.

T—e

Fig. 22 Temperature dependent behaviour of the magnetic susceptibiliry,
a) simple paramagnetism, b) ferromagnetism. T;= Curie temperature

c} antiferromagnetism, Ty = Néel temperature

The molar susceptibility of polycrystafline samples of the complexes [Cuz(tppz)Cly]-5H2O and
(Cuz(tppz)(H20)4(C1Oy4)4 2H2O were investigated. see in Fig. 23-26. It was found that the
xm value (2.62:103 for 12 and 2.31-10-3 em3mol-! for 10 at room temperature) increases
when the temperature decreases, reaching a maximum at ca 30 K for 12 and 50 K for 10, with
xM values of 1.33-10°2 and 8.50-10°3 cm3mol-1, respectively. Below this temperature, the
curve decreases continuously for 12 whereas for 10 a minimum in the susceptibility was
observed due to the presence of a small amount of paramagnetic impurities. The position of the
maxima indicates moderate antiferromagnetic coupling between the copper (1T} jons through
the pyrazine bridge. The experimental susceptibility data were fitted to the classical expression
for a [CuCu] pair derived from the Hamiltonian H = -I§§7, by minimizing the function R =
Sixcaled - xM°b5)2/E(xM°b5)2 and the best fit parameters were | = -34.2 em'l, g = 2.05,

and J=-61.1cm"!, g =2.13 for 12 and 10 respectively. E.p.r. spectra show a thombic spectra

" Manuscript in preparation.
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for 12 with three well defined signals at y; = 2.06, g2 = 2.10 and g3 = 2.20. For 10 the

spectrum (s axial, withy), = 2.20and gy =2.10 and 4 half-icld signal at g =+4.3.
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Fig. 23. The molar susceptibility (XmT vsT) plots of the complex {Cua{tppz)Cly]-5H20.
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Fig. 24. The molar susceptibility (Xm vsT) plots of the complex {Cuj(tppz)Clg] 3H20.
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Fig.25. The molar susceptibility (XmT vsT) plots of {Cus(tppz)(H20)4](C104)4-2H20.
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Superexchange mechanisms in polynuclear copper{[l) complexes with bridging ligands such as
pyrazine are a comtroversial subject and several poorly compatible points of view have been
pointed aut in the past two decades. The main point in the discussion of a possible
superexchange mechanism is the kind of pathway either, “o” (ligand ¢ orbitals overlap with the
d orbitals of the metal) or "=" (ligand 7 arbitals overlap with the d orbitals of the metal), which
allow an interaction. The two alternative mechianisms have MOs of the adequate symmietry and
energy 1o interact with the symmetric and antisymmetric combination of the atomic orbitals of
the copper atoms that comain the unpaited electron, dg7(s) and d,(a) or dxl_yz(s) and
dxz_y?-(a) depending on the geometry of the coordination polyhedron of the copper atom. The
discussian will be centered on square pyramidal coordination and further references assume the
d x2-y2 combinations and the notated dg and dj.

The early proposal on the = pathway, developed from  spectroscopic evidence,‘was made by
Hartield™ et al. (1976): superexchange should occur through the = network by means of the
overlap of the d and d, combinations of the dyy atomic orbitals with the HOMO =g (b g) and
its antisymmetric analogue x, (b3, that gives the corresponding the wg and @, molecular

orbitals.

AN N N,
DNURe
N~y N, ~_
by by’ by

A schematic simplified molecular orbital diagram of a spin coupled pair of copper ions
tteracting with the spin transmitting orbitais of the pyrazine ligand is shown in Fig.26.
A modification was inroduced in 1976 by the same authors™, when they consider as a second

factor the interaction of the dxy(a) with the o, bonding MO (bzy) of the pyrazine bridge.

MH.W. Richardson, W.E. Hatfield. /. 4m. Chem. Soc., 98 (1975) §35.
MH.W. Richardson. F.R. Wasson, W.E. Hatficld. /rorg. Chem.. 16 (1977) 484.
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It should be noted that in this model, the antiferromagnetic character of the compounds must
be weak: the bjg and b3y MOs have no density on the nitrogen atoms and the overlap will be
in efficient and for the interaction between dxyla) and byg it is assumed that only some

unpaired spin density lies in the d, orbitals by mixing with the ground state dx2_y2 orbitals,

L
- P : T "-o
d‘u) __‘."’¢4 v
LT B N
P —
L e n
Cu Pyz

Fig. 26 Simplified molecular arbital diagram depicting a spin coupled pair of copper

ions interacting with the spin transmitting arbitals of the ligand

Previgusly, Hendricksan™ had proposed the interaction of the ds, a with the highest ¢
occupied MOs of the bridge, taking as reference the dinuclear copper complexes™
[Cualtren)y(ppd)]Xyg, where X = NOy-, Cl04-, PFg- and ppd as the bridging ligand
p-phenylenediamine, for which the superexchange parameters are in the -70.2/-39.6 range
(H = -J54S3). The related p-benzidinediamine bridge. bzd, despite the large Cu-Cu separation,
gives an antiferromagnetic coupling of the same arder as for pyrazine. In these complexes the
interaction should be propagated by the highest ¢ MO of the ppd or bzd ligands. Comparative

MO calculations an ppd, pzd and pyrazine shows that these MOs are mainly a symmetric

76M.S. Haddad D.N. Hendrickson, L.P. Cannady, R.S. Drage. D.S. Bieksza. J. Am. Chem. Soc, 101 (1979)
898.
TR Feldhouse. D.N. Hendrickson, fnorg Chem., 17 (1978} 2636.
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combination of nitrogen lone-pair orbitals with minor contributions of the C-ring atoms for
pyrazine and comparable C-ring contributions for ppd or bzd. The low antiferromagnetic
coupling for pyrazine compour;ds is explained by the poar 2p contribuvion argument and from
the fact that ppd or bzd are stronger bases than pyrazine.

More recently, Oshio™ et al. suggested that even through the ¢ pathway the antiferromagneiic
interaction should be low in accordance with the experimental values reported 10 oow as a
consequence of the small Iy, two center Coulomb repulsion integral value, which should be
low due to tbe long Cu-Cu distance. In the Hatfield model the dihedral angle between the
coordination plane of the copper atoms and the pyrazine plane is detesminant in the imeraction
(antiferromagnetic interaction needs a titted position of the pyrazine plane with respect 1o the
copper plane and increases with the dihedral angle), whereas for the ¢ pathway this dihedral
angle is oot relevant. All the pyrazine polynuclear derivatives reporied to date show a commaon
fact: all of them show negligible or weak amiferromagnetic coupling.

This experimental fact does oot permit an unambiguous definition of the superexchange
pathway. The copper tppz dinuclear compounds are relevamt in this context due to their
comparatively high antiferromagnetic behaviour. In our case the dihedral angles between the
pyrazine ring and the basal coordination plane of the copper atoms are roughly 10° and
according to the Hatfield model should be weakly coupled. 1t is alsa significant that the value
of J = -61.1 cm-} obtained for fompound 10, which is not compatible with the weak
interacvons predicted in the 7 modet directly derived of the poor overlap between ds,a and the
#s,a MOs of the pyrazine and consequemly, should be assumed that the superexchange is
propagated through the ¢ system.

The magnetc behaviour of the complex [Cu{tppzH)C1]7{C104)4 was also investigaied in order
to determine the exient of magnetic interactions which can occur. The iemperature dependent
magnetic data for the polycristalline sample are shown in Fig. 27 and 27a. The molar
suceptibility was recorded in a temperature range from 0 to 180K. It was found that the molar

susceptibiiity increases when the temperature decreases. From this behaviour a ferromagnetic

T8H. Qshio, U. Nagashima, Jaorg, Chem., 29 {1990) 3321.
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exchange interaction was imglied. At 10 K an Xm value of 1.275 10! was observed and at

160K a value of 5-10-3 em¥mol-! was observed.
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Fig. 27. The molar susceptibility (XmT / vsT) plots of [Cu(tppzH)C1]3(C104)2.
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Fig. 27a. The molar susceptibility (Xm / vsT) plots of [Cu{tppzH)Cl]2(ClO4)s.
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For [Cu{tppzH)CI]2(ClO4)y no e.p.r. spectrum of the solid was abserved, that is an indication
of a strong coupling between two different Cu(H) ions. This is characteristic for many systems
with Cu(ll) ions bridged by chlaride ions. The e.p.r. spectrum in water solution indicated a
single Cu(ll) complex with characteristic four hyperfine lines. The values gg =2, [38 and Ajgg
= 75 G were determined and are characteristic for Cu(H) ions in an axial coordination sghere.
Furthermore there are indications that in solution the chloride bridges are broken. The chloride
ligand js probably replaced by water. The e.p.r. spectrum of this complex in frozen solution
shows a powder spectrum of an isolated Cu(ll) ion. The g and A tensor are axial within the
precision of the measurement, that is an indication for an axial coordination sphere. In the
spectrum some indication of a nitrogen hyperfine splitting can be seen. The value 8y is found to
be2.138,g) =2.053 as well as A = 170 G. Ay = 14 G. These values indicate a nitrogen
(three) oxygen (N30) coordination in the plane.

We carmied out a number of reaction attempts to introduce bridging figands with the goal of
obtaining coordination polymers. As starting materials we used the complex
[Cup(tppz)(Hz0)4](C104)4 and added the sodium salts bf chelating ligands such as ida, edta,
2-carboxypyrazine, 2,3-dicarboxypyrazine, 2 5-dicarboxypyrazine, 2,6-dicarboxypyrazine,
diimire, dppm, pyrazine, 2,3,5,6-tetramethyipyrazine, 1,1'-dimethyl-4,4"-bipyridinium
dichloride, urea, N ,N-dimethylthiourea and N,N-diisopropylurea. Furthermore attempts were
made in which several componeots were mixed, eg a metal salt solution with the
correspoeding chelating ligands and tppz. From these reactions no mixed ligand complexes
could be isolated. With the less bulky hgand oxalate Julve et al.}* obtained dimeric copper

complexes with terpy and determined the structure by X-ray diffraction, see Fig.28.
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Fig. 28. Cationic dinuclear { {Cu(terpy}Ho0)} 2(0x)]** (a) and [{Cu(terpy)) 2(ox)]2* (b) units
of [{ Cuterpy)H70)) 2{ox)][ {Cu(terpy) } 2(0x)}{ClO4)4 2H0.

The coordination geometry around each copper atom in a is distorted octahedral and in b
distorted elongated tetragonal. In a similar manner we synthesized the complex
[{Cus{tppz)(ox)(Ha0)2}(Cl04)3]x fFrom a reaction of Cu{ClO4); with tppz and lithium
oxalate which crystallized as fine green needles. The same results were observed by starting

from the binuclear copper complex and reacting it with disodium oxalate,
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H,0 {BC°C)

(Cugltppz)(H,0}, KCI0), + Ncgox - _— [iCug{tapz}{ox)(H,0),1(CI0,),],
. —2NaCio,
H,Q (60°C)
tppz + 2Cu{Ct0, ), + Nayax _— {fCu,(tpp2)(on){H,0),1(C10,), ],
-2NeCiC,
(13)

Because of the planarity of the cenmtral pyrazine nrng in  1he complex
[Cuz(1ppz)(H20)4)(C104)4-2H7O the possibility for the formation of coordination polymers

should be considered. Therefore we propose the tollowing polvmer struciure:

This 1s also in agreement with the X-ray structure results of the similar constituent complex
containing terpy™. It was impossible to isolate suitabie crystals for X-ray analysis. The
charactenization was effected by means of inffared, u.v. spectra, FAB-mass spectroscopy,
elemental analysis, and e.p.r. spectra. In the infrared spectrum we found the H{C=C), ©{C=N)
absorption bands for the coordinated ligand. At 1639 cme! a very strong broad band for the
#as(C=0) vibration and at 1620 emfor the »s(C=0} vibration are preseni. This indicates
significamly the bridging coordination mode of the oxalate anion. In the oxalate bridged
dimeric terpyridyl complex the comesponding bands are found at 1640 and 1600 cm!. The
very intensive perchlorate bands overlap a farge part of the spectrum. The u.v. measurements
in water solution show the two bands at 300 and 363 nm, we assume this for the aquoion
[Cus(tppz)(H20)4]**. To find a funher indication of the caordination environment Culg we

recorded the reflectance spectra in the solid state. For a five-fold coordination sphere a band
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maximum with a shoufder is known. Ia the literature™ are exptained the reflectance spectra of
two representatives for a trigonal bipyrami‘dal and square pvramidal coordination sphere of the
Cuf1l) complexes [CuttrenytNH3HiCI0)» and KICutNH;)3](PFg); in combination with
extended Hiickel caleulations. We found in all further mentioned spectra of copper complexes
only a maximum band without a shoulder which is indicative of an octahedral coordination
mode. We observed a d—d transition band ZEg--"'ng at 14671 em-L, this is an indication of
octahedral symmeiry of the CuNg cation. E.p.r. spectza of the solid, Fig.29. and in solution,
Fig. 30, were recorded. The powder spectrum indicates an axial coordination sphere,
Furthermore a Cu-Cu interaction in the salid is assumed. The values g, =226and g, =
1,065 are determined. In solution a characteristic spectrum of an isolated Cu2™ (5o = 2.093,

Ajso = 75.0G) ion is given.
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Fig. 29. E.p.r. spectrum of [{Cuaftppz)(ax)(H20)}(ClO4)2] in the solid state.
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Fig. 30.E.p.r. spectrum of [{Cua(tppz)(ox)}(H20)}(Cl0y4)2 ]« in water solution.

The FAB-mass spectrum also supporied the composition of the monomer unit. We found the

molpeak (M™) of m/e = 836 with an intensity of 38% and a typical Fragmentation for this type

of complexe is given in Table 20.

Tab. 20. FAB mass spectrum (70eV) of [{Cuz{tppz)(ox){H20)}(ClO4)2]y.

m/e rel. intensity (%) fragment

836 | 38 [Curtipp2Xox)(Ha00)(CIOg)*
800 10 [Cuz(tppz){ox))(ClOg)2]*

502 18 [Cua(tppz)(ox)]™

514 59 [Cua(tppz)]*

451 72 [Cu(tppz)]t
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Because of the lack of structural data na magnetic investigations could be carried aut with 13,
Ovalato brideed complexes of bipy were very well investigated by H. Qshio™ and ca-workers
in 1992, The design of the hamanuclear ferromagnetic chain [Cu(bpy)ax)]-2H20 as well as
structural and magnetic properties were described. The oxalate anians are centrosymmetric and
act as quadridentate bridging ligands, whereas the oxveen atoms caordinate to each copper
atom bath from the equatodal (cl_.ﬁ]_),1 orbital) and axial (d? orbital) positions. The
ferromagnetic behaviour can be readily understaod bv considering the fact that the spin density
on the copper atom is spread over the oxalato groups, as contirmed by the all-electron ab inito
unrestricted Hartree-Fock calculation for [Cufox)3]2". The spin on the terminal oxygen atam,
which coordinates to the adjacent capper atoms from its d;2 direction, induces spin on that
d;2 arbital. The arthogonality of the primary spin orbital (dXZ_YZ) and induced spin arbital
{d;2) causes the ferromagnetic interaction. 0. Kaho®' gave an overview of the magnetic
properties of different oxalato bridged complexes. The fundamentals of this field of chemistry

are explained there.

We carried out reactions of [Cus{tppzH20)4)(C104)4 with terpy in 2 EtQH/H70 solution at

70°C with a molar ratio of 1:2,

[Cuz(tppz)(H20)4](C104)4 2H20 + terpy — [Cu(Hy0)2(tppz)Cuterpy))(C104)4 + 4H20
(14)

After shott reaction time 2 bright green product precipitated from the solutior.. The compound

has a very low solubility in all common salvents. The FAB-mass spectrum exhibits the highest

fragment at m/e=783 for [Cu(HaO0M(tppz)Cuiterpv}l* or [(tppz)Cultppz)]*. Further

fragmentatians are given in Table 21.

*0H{_ Qshio. U. Nagashima, faorg. Cherm., 31 {1992) 3295,

¥10. Kahn, ngew. Chem.. 97 (1985) 837.



Tab. 21. FAB mass specirum {70eV) of [CutH20 ) (tppzCutterpy))(C104)4.

mfe rel. intensitv (%%) tragmens

785 12 [Cu(H~O)(tppz)Culterpy)]™
684 45 [(terpy)Cu(tppz)]™

350 98 [Cuitppz)(CIO)*

529 35 [(terpy)Culterpy)]*

451 80 [Cufippz))™

296 88 {Cufterpw)]*

Because of the very low solubility further purification was impossible. The infrared spectrum
exhibiis a remarkable change in comparisoo to the spectrum of [Cua(ippz)(H20)4](ClOy)y.
We found bands in the »{C=C), »(C=N} region at 1598m, 1578m, 1500w, 1476m, 1452m,
139-5m and 1323m cm'l. The swrong band of the perchlorate covers a broad part of the
spectrum. In the reflectance specira we found ove band at 14916 em-! for a d—d transition.
We assume in this binuclear complex a five-and a six-fold coordination [CulN3 02, CuNg). An
overlapping effect could be the reason for the single broad maximum band at 14906 em-!,
Mare information could be given X-ray diffraction studies, but no suitable crysials could be
isolated.

An example of lower symmeiry relation theo Op was found by Henke and Reinen®. They
investigated the complex [Cu(terpy)y](NO3)y by X-ray analysis and electronic abserbiian
spectroscopy. In the reflectance specira two bands at 6550 and 14500 cm! are present. The
explanation for the existence of these two d—d transitions is the lower symmetry than Op. The
splitted term scheme demanstrates the wransition from ZEg-:’-ng and 2 secoad transitioa to
the splitting terms of the antibonding 2Tg-lewels. E.p.r. measurements could only be
utidertaken in the solid state due 10 the very low salubility. A broad axdal spectrum was
observed. No resolved byperfine structure for the copper ions was abtained. Probably Cu-Cu

E1W. Heake, D. Reinen, Z Anorg., Allg. Chem., 436 (1977) 137,
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interactions in the solid are present, the value 8)1=2.254 and g, =2.10) were determined, see

Fig.3\.
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Fig. 31. E.p.t. spectrum of [Cu(H20)a(1ppz)Cufterpy))(Cl04)4.

By a reaction of [Cua{tppz)(H20)4](C104)4 with Hapzte (molar ratio of 1:1) we wanted to

introduce a further bridging ligand.

[Cus(ipp2)(HaO))(CI0g)s 2O + Hypzte — [{Cupltppa)(Hapzte)(Hz0)H(CI04)2 )

{15) +2HCI04 + 4H0
This reaction was also carried out in several buffer mediums but the result was in e2ch case the
precipitation of a green insoluble product from the solution. The characterization was effected

by means of elemental analysis, infrared methods and mass spectroscopy. We propose the

following structure.
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The calculared elemental analysis corresponding to this structure is C=38.13; H=2.18;
N=11.12 and Cu=12.6%. We found for C=38.48; H=3.16; N=[1.32 and for Cu=13.2%. The
initared spectrum indicates a coordination of vppz and Hapzic. The characterisiic strong bands
far the protonated and deprotonated carboxylate groups are present at 1720 and 1656 cmvl.,
We found a broad band for the [/{O-H)] of the water molecules a1 3455 cm-! and the
following bands in the »(C=C), «(C=Nj region: 1291 m, 1405 5, 1424 5, 1478 m, 1495 w and
I$98 s em! which are characteristic for coordinared tppz. In the reflectance specira we found
one transition band at 13935cm'} which is an indication of a 3Eg—-3ng transition in an
ocrahedral coordination sphere. Thermogravimmetric measuremenis indicate a stepwise loss of
mass between 24-73 °C corresponding to two molecules of water and 73-151 °C as well as

151-208°C carresponding to two molecules of CO3.
2.5, Structural and n.m.r. iovestigations of Zn{II) complexes with 1ppz

The Zn?* has filled d-orbitals, therefore na ligand field stabilizatian effects are possible. The
stereocheuﬁst'ry depends only on the size as well as the electrostatic and covalent bonding
forces. A coordination number fFam two to eight is possible. The coardination behaviour of
Zn2* with tppz is described in the following context.

As mentioned abave the reaction of 1ppz with ZnCly in 2 molar ratia of 1:1 results in the
formation of the tetraganal form of the free ligand tppz and mononuclear Zn(IT) complex62,
During reactians with increased metal to ligand ratios {(1:2, 1:6, 1:8) in a large amoum of

solvent and single heating we could isolate the monionuclear complex {Zn(tppz)Clz] (16). The
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crystal strusmre analysis indicated that the Zn atom lies in the plane through atom N(1), CI(1)
and C1(2) while atoms N(2) and N(3) are displaced by -2.097(3)A and 2.024(3)A either side of
this plane, see Fig.33. The Zn. N (pyrazine) distance of 2.156(2)A is found 1o be longer than
the central Zn pyridine distance in the corresponding terpyridine complex (Tab.23). The

coordination sphere around the Zn atom can be described as a square pyramidal. Important

bond distances and angles are given in Table 22.
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Fig. 32. SCHAKAL plot of {Zn{tppz)Cl2] {17).

Tab. 22. Selected distances (A) and angles (°} of {Zn{tppz)Cla] (17)

Zn(1)-CK1) 2.2759(19) Zn{1)-N(2) 2.204(7)
Zn(1)-C2) 2,2365(9) Zn(1)-N(3) 2.175(3)
Zn(1)-N(1) 2.1561(24)

C-Zn(1)-CHZ)  115.08(4) CI2)}Zn(1)}N(2)  101.36(7)
CI)-Zo(1)-N(1)  98.56(3) CI2)-Zn(1)N3)  96.53(7)
CI(1)-Zn(11-N2)  95.9%(7) N(1)-Zn(1)-N(2) 73.11(9)
CK1)-Zo(1)-N(3)  106.60(8) N(1)-Zn(1)-N(3) 73.31(9)
CIt2)-Zn(1)-N(1) __ 146.35(8) N(2)-Zn(1)-N(3) 141.80(10)
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Tab 23. Selected distances (A) and angles (%) ot (Za(tppzCln) and [Zniterpy)Cla]

[Znitppz)Cla] [Zn(rerpviCin]
Zn-N(1) 2.136{2) 2112
Zn-N(2} 2.204(3) 2196
Zn-N(3) C21786) 2.196
Zn-Cl(1) . 2.276(1) 2274
Zn-Cl{2) 2.237(1) 1274

As in the other complexes the ligand is considerably distonted. Here the pyrazine ring has a
twist conformation with a dihedral angle between the planes C' and C" of 10.6(2)° The
coordinated pyridine rings A and B are inclined to one another by 13.5(1)°. For funher
characterization a two-dimensional n.m.r. experiment was undertaken. The proton n.m.r.
spectrum shows clearly the eight expected signals for the eight different protons. To carry out
an exact assignmem of the signals a COSY- 45 experiment was undenaken, the correlation
diagram is given in Fig.33. In the spectrum we observed the expected couplings for the
uncoordinated ning proton a couples with the protons b and ¢, b with a, ¢, d and proton ¢ with
a, b, d as well as the proton d with protoas ¢ and b. At the coordinated side of the complex
proton ¢ couples with protoas [ and g, proton fwith e, g, h, g couples wi.th h,fande and h
with g and £ The u.v. spectrum in water solutioa exhibits the two bands for the ligand at 295
and 315 am. The infrared spectrum (KBr) indicates the coordination of the ligand. The
characteristic doublet is shifted 10 higher wave numbers (1593vs, 1573sh em™1), further signals
in the H{C=C), #(C=N) region were found at lf40m, 1475m, 1456m, 1444w, 1403vs, 1305m

em'!. The elemental analysis is in agreement with the found composition.
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in a reaction of an excess of ZnClz with the ligand (ppz {1;20) in a minimum of solvem
mixture ethanoliwater (1:1) and afler heating several times the dinuclear complex
{Zna(tppz)Cly] (17) was isolated. The coordination sphere around the zinc atoms can be
deseribed square pyramidal, the mumbering scheme is shown in Fig. 34, The angle N{(3)-Zaf})-
N{6) is H6.72(20)° and N{4)-Zni2}-N(5) is 14+1.11(21)°. Here we found also a twist
conformation in the pyrazine nng with a dihedral angle between planes C' and C” of 12.0(5)°.
In comparison 1o the dinuclear copper complex (10) (10.18°) and the binuclear nickel complex
(4) (10.9) these pianes are more rwisted. The pynidine rings A, B, D and E are inclined relative
to the central pyrazine ring C by 29.62(23)", 16.81(23), 14.8(3)° and 28.83(24)°, respectively.
Pyridine ring B and D are inclined to one another by 31.60(3)°, pyridine ring A and E by
58.25(24), see Tab.26. The shortest intramolecular C---C distances are those between the
atoms C{6)..C(11) with 3.146(103A and C(16) ..C{21) with 3.151{10)A as well as berween
proten H(6)-H(11) and H(16)-H(21) at 2.3641(3)A and 2.3172(3)A, respectively. The
distance between Zn(1)-N(1} {pyrazine) of 2.182(5)A and the Zn(2)-N(2) (pyrazine) disiance
of 2210(5)A are \onger than the same disiance in the mononuclear zine complex [2.156(2)A].

In contrast, the Zn-N(pyridine) distances are shorter than in the mononuciear complex. The

Zn-Zn separation in the dinuclear complgx is 6.9450(13)4, see, Tab. 24.
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Fig. 34. SCHAKAL plot of [Zn7(tapz)Cly] (17).



Tab. 24 Selected distances tA) and angles {°) of [ZnaitppziCly} 17)

Zai)-N(1} 2182(5) T Zai2eNiD) 2.210(5)
Znf1)-N(3) 2.14%(5) Zni2)-N(4) 2,159(6)
Zn{11-N(6) 2 1346) Zof2)-N(E) 2.153(6)
Zn(1)-Cl(1) 2.3513019) Znf2)-C1E3) 2,2546(20)
Zn(1)-CI(2) 2275720 Za(2)-Clt4) 2.2587(20)
Zn(1)-Zn(2) 69450(13)

ClI-Zn(1)-CI)  116.26(8) CIGH-Zn2)-CIH) 111.97(8)
N(1)-Zn(1)-N(3) 73.66(20) N(2)-Zn(2)-N(4)  72.55(20)
N(1)-Zn( 1)-N(6) 73.47(20) N@2)}-Za(2-N(S)  73.10(20)
N(1)-Zn(1)-CI(1) 132.83(16) N(2)-Zn(2)-CI3)  148.90(15)
N(1)-Zn(1)-CI(2) 110.83(15) N(2)-Zn(2)-Cl(8)  99.11(15)
N(3)-Zn(1)-N(6) 146.72(20) N(4)-Zn(2)-N(5) 141.11{21)
NG)-Zn(1)-CK1)  98.82(15) N(4)-Zn(2-C3)  99.72(17)
N()-Zn(1)-Cl2)  95.25(16) N(4)»-Zn(2)-Ct4)  100.71(17)
N(6)}-Zn(1)-CI(1}  99.55(15) N(5)}-Zn(2)}-CI(3}  100.28(16)
N(6)-Zn{1}-Cli2) 101.12(15) N(5)-Zn(2)-Cl(4) 102.18(17)

To carry out an exact assignment of the protons a COSY-45 n.m.r. spectrum was recorded,
see Fig. 35. Because of the bis{tridentate) coordination mods we observed four signals for the
equivalent protons. It can be seen that proton d couples with proton ¢ and b , proten b with a,c
and d; proton a with b and ¢ proton ¢ with b and d, resulting in the proposed assignment. U.v.
measurements in water sohntion shows the two bands of the ligand at 295 and 315 nm. The
infrared spectra of the binuclear complex show no significant differences in comparison to the
spectra of the mononuclear complex [Zn{tppz)Clo]. The propesed composition is in agreement

with the elemental analysis.
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In a reaction of an excess of ZnCly with the ligand ppz (1:20) in a2 minimum of solvent
mixture ethanolwater (1:1) and after heating several times the dinuclear complex
{Zna(tppz)Cly] (17) was isoiated. The coordination sphere around the zinc atoms can be
duscribed square pyramidal, 1he numbering scheme is shown in Fig.34. The angle N{3)-Zn(1)-
N(6) is §46.72(20)° and N(4)-Zn(2)-N(5) is I141.11{21)°. Here we found alsg a twist
conformation in the pyrazine ring with a dihedral angle between planes C' and C" of 12.0(3)°.
In comparison ta the dinuclear copper complex (10) (10.18°) and the binuclear nickel complex
(4} (10.9) these planes are more twisted. The pyridine rings A, B. D and E are inclined relative
to the central pyrazine ring € by 29.62(23)°, 16.81(23), 14.8(3)" and 28.85(24)°, respectively.
Pynidine ring B and D are inclined 10 one another by 31.60(3)°, pyri;i'me ring A and E by
58.25(24), see Tab.26. The shonest intramolecular C---C distances are those between the
atams C(6)...C(11) with 3.146(10)A and C(16)...C(21) with 3.151(10)A as well a5 berween
proton H{6)-H(11) and H(16)-H(21) at 23641(3)A and 2.3172(3)A, respectively. The
distance between Zn(1)-N(1) (pyrazine) of 2.182(5)A and the Zn(2)-N(2) (pyrazine) disfance
of 2.210(5)A are longer than the same distance in the mononuclear zinc complex {2.156(2)A].
In contrast, the Zn-N(pyridine) distances are shorter than in the mononuclear complex. The

Zn-Zn separation in the dinuclear complex is 6.9450( [3)A, see, Tab. 24.
[s]

Fig. 34. SCHAKAL plot of {Zn2(tppz)Cly).(17).
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Tab. 24, Selected distances { A4) and angles £°) of [Znaf1pp2)Cla] i17)

Zn(1)-N(1) 2.185) T ZeiND 2.210(5)
Zal 1)-N(3) 2.147¢5) Za(2)-N(N 2.159(6)
Za(1)-N(8) 2. 134(6) Zn(2)-N(5) 2.153(6)
Zn(1)-CI(1) 2.2513(19) Zn(2)-CI3) 2.2546(20)
Zn()Cl 2.2757(20) Znt2)-Cl4) 2.2587(20)
Zn(1)-Zn{2) 6.9450(13)

Cl1)-Zn(1)-Cl(2)  116.26(8) CI3)-Zn(2-CI(4)  111.97%(8)
N(1)-Za(1)-N(3) 73.66(20) N(2)}Zn(2RN(d)  72.55(20)
N{1)}-Zn(1)-N(6} 73.47(20) N2»Zn(2)-N(5)  73.10(20)
N(1)-Zn(1)-CI( 1) 132.83(16) N(2)-Zn(2)-CI3)  14B.90(15)
N(1)-Za(1)-Cl(2) 110.83(15) N(2)}-Zni2CId)  99.11(15)
N(3)-Zn(1)-N(6) 146.72(20) N(4)-Zn(2)-N(5) 141.41(21)
NG)-Zn(1)-CKT)  98.82(15) N@»-Zn(2}C3)  99.72(17)
NGRZn(1)-CI(2)  95.25(16) N(@4)-Zn(2)-Ci(d)  100.71(i7)
MEFZn(1-CI(1)  99.55(15) N(S)-Zn(2)}-CH3)  100.28(16)
N(6)-Zn{1)-Cl(2)  101.12(1%) N(5)-Zn(2)}-Cl4)___102.18(17)

To carry out an exact assignment of the protons a COSY-45 n.mr. spectrum was recorded,
see Fig. 35, Becanse of the bis(tridentate} coordination mode we observed four signals for the
equivalent protons. It can be seen that proton d couples with proton ¢ and b, proton b with ac
and d; proton a with b and ¢; proton ¢ with b and d, resulting in the proposed assignment. U.v.
measurements in water solution shows the two bands of the ligand at 295 and 315 nm. The
infrared spectra of the binoclear complex show no significant differences in comparison to the

spectra of the mononuclear complex [Zn(tppz)Clz). The proposed composition is in agreement

with the elemental analysis.
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Fig. 35.CO8Y-45 spectrum of [Zng(tppz)Cly) (17).
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Concerning the coordinaiion behaviour of the Zn(1) tons with tppz we investigated the
reaction of [Zn(tppzi{H20)1](C104)> with a large excess of ZnCly in a EOH/H20 mixture.
By heating for several times and repeat'ed filtration we could isolate after rwo months well
formed yellow prisms. The X-ray diffraction studies of this compound®? show that it is a very
interesting centrosymmetric macracyele  bis-[Zna(p-tppz)(Hy0)CIp-ZnCly)(p-ZnCla ) p-
ZnC'I3H20)] (18). Two highly twisted dinuclear zinc complexes (C~C"11.6(3)° are linked by
no less than 3 Cl-Zn-Cl bridges. Fig. 37a. The macrocycle is neutral possessing 10 zinc atoms
and 20 chloride atoms. There are § four coordinate, 2 five coordinate and 2 six coordinate Zn-
atoms. In the binuclear complex of the macrocycle atom Zn{1) has a trigonal bipvramidal
coordination and ltes in the plane of atoms N{I), OW(1) and CI{1) with atems N{2) and N(3)
displaced from the best plane by 2.024(4)A and -2.059 (4)A. respectively. Pyridine rings A and
B, which are coordinated to Zn(1), are inclined to one another by 7.72(17)° while pyridine
rings D and E, coordinated to Zn(2), are inclined 1o one ancther by 12.19(18)°. The diagonally
oppositing pyridine rings { A. D and B. E) are inclined 1o one another by 48.61(18) and
35.00(16)°. The adjacent rings A and E are inclined by 41.56(16), whereas B and D are
inclined by 41.20(18)°. Atom Zn(1) is linked to Zn(2) by three Cl--Zn--Cl bridges. The
average Zn--Cl bridging distance is 2.3239(4)A and slightly longer than the non-bridging Zn-
Cl distances which have an average value of 2.208(6)A. The macrocycles are linked to one
another by longer Zn---Cl-Zn bridging bonds, 2.806(1)A, involving the Zn atoms of the
binuclear complex, Zn{1) and Zn(2), and atom CK(5), which is directly coordinated to atom
Zn(1) of a symmetry related molecule, see Fig.36. There are two coordinated water moleculss
in the macrocycle, one to Zn(1), Za(1}-OW(1) 2.090(4)A, and the other to a bridging zinc
atom [Zn{3)-OW(2) 2.004(5)A]. Within the macrocycle there are two hydrogen bonds
invelving water OW(1} and atoms C1{2ZA) and CY3). A third hydrogen bond links the
macrocycles and involves water OW(2) and atom CI(5) of a symmetry related molecule. In
Fig.37b a picture of the packing in the crystal is given. Selected bond lengths and angles are

given in Table 25.

M, Graf, H. Stoeckli-Evans. Acta Crist. €, (1994) 1461,
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Fig. 36. Perspective view of the macrocycle showing part of the atomic numbering scheme,

(H-atoms are omitted for clearity).
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(e

TN

Fig.37a. Perspective view of the binuclear complex showing the atomic numbering scheme,
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Fig.37b. Crysta].packing showing the Zn(5)-CI(10)-Cl bridging bonds (dashed line) linking

the  macrocycles.
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Tab, 25. Selected bond distances (A) of {18).

r

Zn(1)-N(1) 2.123(3)  Zo(@)N) T 2.1450)

Zo(1)-N(2) 2.094(4) Zn(2)-N(5) 2.117(4)

Zn(1)-N(3) 2.116(4) Za(2)-N(6) 2.132(4)

Zn(1)-CI(5) 2.8061(13) Zn(2)-Cl(4) 2.3426(13)
Zn(1)-C(8) 2.3563(12) Zn(2)-CI(5) 2.2894(12)
Zn(1)-0W(1) 2.090(4)

Zn(3)-C(2) 2.1895(14) Zn(3)-CI(8) 2.3122(13)
Za(3)-Ci{62) 22716(14) Zn(3)-0W(28) 2,004(4)

Za(4)-Ci(3%) 2.2353(13) Zn(4)-CI(T%) 2,1950(13)
Zn(4)-Cl(6) 2.3675(13) Zn(4)-Cl(10d) 2,3003(15)
Zn(5)-CI(1} 2.2024(14) Zn(5)-Ci(9) 2.2198(15)
Zn(5)-Ci(4) 2.3299(13) Zn(5)-Ci(10) 2.3456(15)
Zn{1)-Zn(2) 4.2698(9) Za(4)}-Zo(5) 43632(9)
Zn(1)-Zn(3) 4.0358(9) Zo(5):Zn(2) _  3.8173(9)

Symmetry operation: &) x, 0.5-y, -0.5+z, b) 1-x, -0.5+y, 0.5-z, ¢) x, 0.5-y, 0.5-z, d) 1-x, -y, -Z.

Tab. 25a. Hydrogen bonding geometry (A, ®) (18).

D H A D-H H.A D..A D-H..A
owW(1)  HAWI CI2) 0.80(6)  2.41(6)  3.202(d)  168(6)
owW(l})  HBWI Ci3) 0.94(8)  2.23(8)  3.091(4) 1517)
oW} HBWI _ Ci(5) 075(7) 2377} 3.116(5) _ 168(7)

Symmetry operation:; i) x, 0.5-y, z+).5.

From n.m.r, and v.v. investigations we get the information that a break of the Zn- Cl bridges
occurs in solution. The two bands at 295 and 315 nm were observed at the same wave lengths

as for the other ZnCly-complexes, and an aquo complex is assumed. In the infrared spectrum
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for the macrocycle we found that the two charactenistic bands are closer together. A separation
of 8 em"! was found and results in a broading of the bands at 16035, 1597s cm™!. We observed

bands in the W{C=C), #C=N) region at 1347w, 1473m, 1456w, 14125, 1388w, 1304w cm-!.

From a reaction of Zn(NQ3)7-6H20 with tppz in EsOH/H20 mixture we isolated decp yellow
crystals of 19.

2Zn(NOy»-6HO0 + tppz + 1S5H20 = (Zna{tppz)(H20)g)(NO3)4-1.5H2 0

(19)

The reaction was carried out at 90°C with a metal to ligand ratio of &:1. The x-ray structure
analysis indicates a binuclear complex with the composition
[Zna(tppz)(Ha0)6 (N3 )4 1. SHYOA™, the atomic numbering scheme is given in Fig.38.

We found that three molecules of water are coordinated around the Zn atoms to build an
cctahedral coordination sphere. In the asymmetric vnit we found twe molecules, discussed in
the following context is only molecule A. In the complex the nitrate ions are situated outside of
the coordination sphere together with two molecules of water. The central pyrazine rings of
both molecules have a twist conformation with a dihedral angle between the plane C and C’ of
12.4(5)° (molecnle A and B). In comparisen to the complex [Zn{tppz)Cla] and [Zna(tppz)Cly)
these planes are more strongly twisted. The N(3}-2n(1)-N{6) angie is 150.7(3)° and similar to
the N(4)-Zn(2)-N(5) angle of 148.7(4)°. The found Zn-N(pyrazine} distances of 2.125(6) ard
2.127(6)A are slightly longer than that observed for [Zn(terpy)Cla] and smaller than in the
mononuclear zinc complex. The values of the Zn-N(pyridine) distances are comparable with
those of [Zm(tppz)Cly), see Table 27. The Zn-O(water) distances are in the range from 1.58
to 2.21A. The distance Zn(1)-0(2) and Zn(2)-O(8) are the longest. A reason for this could be
the formation of hydrogen bridging bonds 1o two molecules of water of crystaflization, O(8)
and Q(7)g. The pyridine rings A,B,D and E are inclined relative to the central pyrazine ring by
25.2(3), 25.5(3), 23.1(3) and 27.5(3)°, respectively. The pyridine nings C and E are inclined to
one another by 27.5(3) and rings B and D by 48.2(3)°. An overview of the dihedral angles of

84T be published
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the pyridine rings relarive to the central pyrazine ring of several complexes is given in Table 26.

The shortes: imramolecular distance is that between C{6)...C(11) with 3.155(12) and between

C(16)...C(21) with 3.155(12)A. The inramolecular distance of the corresponding protoné are

2.4190(6) and 2.5798(6)A. The Zn...Zn separation of 6.3790(16) is shorter by 0.066A thar: the

corresponding distance in [Zno(tppz)Clg].

Tab.26. Overview of dihedral angles (A) between the central pyrazine ring C and the pyridine

rings of Zn?* complexes of tppz

angles [Zn{tppz)Cla] [Zno(tppz)Clg]  macrocycle (18)  [Zn(tppz)
{H20)6](NO3)4
-1.5H70 (19)

A"B 13.5(1) 13.13.(23) 772017 2.2(3)

A~C(CH 7.8(2) 29.62(23) 252(3)

B~C(C) 21.0(1) 16.81(23) 25.5(3)

D*E 37.0(1) 14.7(3) 12.19(18) 7.9(3)

DAC 22.8(2) 14.3(3) 23.1(3)

EC 43.9(2) 28.83(24) 27.5(3)

A'D 37.6(1) 44.40(3) 43.61(18) 48.0(3)

A“E 61.9(1) $8.25(24) 41.56(16) 52.6(3)

BAD 50.9(1) 31.60(3) 4120(18) 48.2(3)

B"E 74(1) 45.17(24) 35.00(16) 53.003)

ot 10.6(2) 12.0(5) 11.6(3) 12.4(5)
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Fig. 38. SCHAKAL plot of [Zna(tppz){H0)6I(MNO3)4-1.5H20(19).
Tab. 27. Selected distances (A) and angles () of [Zna{tppz)(HA0)g}(NO3)4- 1.5H20(19)

Zn(1)-0(1) 2.136(6) Zn(1)N(1) 2.125(6)
Zn(1)}-0(2) 2.209(6) Zn(1)-NG3) 2.155(6)
Zn(1)-0(3) 1.983(5) Zn(1)-N(6} 2.149(6)
Zn(2)}-0(4) 2.070(6) Zn(2)-N(2) 2.127(6)
Zn(2)-0(5) 1.991(6) Zn(2)}-N(4) 2.137(7)
Zn(2)-0(6) 2.205(7) Zn(2)-N(5) 2.17UM
N(1>-Zn(1>-NG) 75.00(23) NGFZa(1)-0(1)  92.61(29)
N()-Zn(Q)}-N(E)  75.30(23) NGMZo(1-0(2)  89.37(24)
N(1)-Zn(1)-0(1) 87.75(25) N@©6)-Zn(1}0{(1)  88.75(25)
N(1)-Zn(1)-0(2) 93.50(23) N(6)-Za(1}-0(2) 89.91(23)
N(1)-Zn(1}-0(3) 176.5(3) N(6)-Zn(1}-0(3} 107.2(3)
N(2)-Zn(2)-N(4) 98.76(24) N(4)-Zn(2)-0(5) 105.5(3)
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Tab. 27 {continuation)

N(2)-Zn(2)-N(5) 75.00(24) N@)-Zo()-016) | 86.70)
N(2)-Zn(2)-0(5) 169105 N(S)-Zn(2)-0(4)  91.74(25)
N(2)-Zn(2)-0(6} 84.9(3) N(5)-Zn(2)-0(35) 105.1(3)
N(4)-Zn(2)-0(4) 91.38(25) N(5)-Zn(2)-0(6) 92.1(3)

The proton n.m.r. spectrum measured in CDCly (1drop of DMSO) exhibits the four signal
groups for the bis(tridentate) coordination mode at 58.62(m), 67.76 (m), §7.66(m), 47.43 (m).
In the infrared spectra a broad band of the »{N=0) of the nitrate ion covers partially the ligand
bands in the #(C=C), #»(C=N) region. The two characteristic bands were observed at 1595m,
1574w em-! and this is in agreement with that found for the other zinc complexes. The u.v.

spectrum indicates the coordinated ligand at 295 and 320 am.

To investigate the coordination behaviour towards the pseudohzlides SCN-, N(CN)y~ and
C(CN})3" we carried out the same reactions as described for the binuclear nickel complex, in
chapter 2.3. From a reaction of the [Zn3(tppz)(H20)6HINO3)4-1.5 H2O with NH4NCS (molar

ratio 1:2) we obtained a yellow precipitate which was sparingly soluble in all common solvents.

[Z0y(tppzXH20)61(NOz)s + 2NHUNCS - [Zn{tppz)(SCNR] + Zn(NO3)6Hy0
(20) +2NH4NO3

Elemental analysis results imply the composition [Zn(tppz)(SCN)7] for the monomer unit. The
infrared spectra (KBr) indicated that one metal is bound to the tppz. This effect of losing one
zinc atom to form a new coordination mode (polymer) was also observed in the latter
described reaction with dicyanamide and tricyanmethanide, proved in this case by X-ray
structure analysis. From the infrared spectrum we obtzined the information that the thiocyanate
anion acts as bridging ligand (M-SCN-M). The two #{CN) vibration bands are shifted

significantly to higher wave numbers (2080, 2172 cm-), this is a clear indication for a bidental
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coordination behaviour, and for this reason we assume a polymer structure
[Zn{tppz)(SCN)1] oo for this compound.

To introduce the bridging ligand  M(CN);~, we caried out a reaction of
(Zoa(tppz)(H20)6](NO3)4-1.5HAO with KN(CN), in water solution at 70°C with a molar
ratio of 1:1 and 1:2. [nterestingly, we found that in one case a coordination of one molecule of
dicyanamide takes place and in the other case dicyanamide acts as counterion. From a reaction
in a molar ratio of 1:1 we obrained after recrystallization fraom methanol/water well formed

yellow needles of compound 21.

[Zn2{tppz)(H20)g I (NO3)4 1. 5H2 O+KN(CN)Y~+{Zn(1ppz)(N(CN)J(NO5)(H20)] + KNO3
{21) +Zn(NO3)2 + 6.5H,0

X-ray structure analysis showed a coordination of one dicyanamide together with a nitrate and
a water molecule [Zn{tppz)(N(CN); {NO3)(H30)] (21)*. The monomer camplex is hydrogen
bonded via the protons of the water molecules to the next dicyamarmude nitrogen atom
[N(9)...0{4) 2.773A, symmetry operation: x-0.5, |-y, 1-z]. Furthermore a hydrogen bridging
bond was located from the nitrate oxygen to the protons of the water molecule
[O(2)...0(4) 2.712A, symmetry operation x-1, y, z]. A linear hydrogen bridged polymer chain
was observed. The coordination of the zinc atom can be described as distorted octahedral. The
central Zn-N(pyrazine) distance with 2.098(9)A is shorter than comparable distances found for
the complexes 16, 17 and 19 and longer as found for 18 and 22. The Zn-N(pyridine) distances
are 2.132(12) and 2.001(12)A. The Zn-O(nitrate) distance is 2.22(2)A and the Zn-O(water}
bondlength 2,174{12)A. For the coordinated dicyanamide malecule we abserved a distance of
Zn-N(7) 1.986(11)A_ The angle N(1)-Zn{1)-N(7) is about 179.1{7)° whereas the angle C(25)-
N{8)-C(26) is 120(2)° and the Z NCN angles are 167(2) and 171(3)°. Jensen et al.? found for
the salt KN(CI); (C-N) distances of 1.155 and 1.156A as well as (N-C) distances of 1.304
and 1.309A Angles were found with £ CNC 120.3 and /£ NCN 172.8° Also in this complex

83, Jensen, B. Klewe, E. Tielta, dcta Chem. Scand., A3 (1977 151
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the central pvrazine ring is considerably distorted. The dihedral angle between the planes

C and C" s 12.2°. A collection of important bond distances and angles for the complex are

given in Tab. 28.

Tab. 28.. Selected distances (A) and angles (°) of [Zn(tppz)(N(CN}(INO3 X H40)] (21).

Zn(1)-N(1) 2.098(9) Zn(1)-0(1) 2.22(2)
Za(1FNG) 2.132(12) Zn{1)-0(4) 2.174(12)
Zn(1)-N(4) 2.101(12) Za(1)-N(7) 1.986(11)
N(7)-C(25) 1.15(2) C(25)-N(8) 1.30(2)
N(8)-C(26) 131(2) C(26)-NN(9) 1.12(2)
N(10)-0(1) 1.12(2) N(10)-0(3) 1.38(2)
N(10)-0(2) ' 1.1302)

N(1)-Za(1)-N(7) 179.1(7) N(3)-Za(1)-N(7) 104.3(5)
N(1)-Za(1)-0(1) 92.6(6) N(4)-Zn(1)-N(7) 104.6(5)
N(1)-Zn{ 1)-0(4) 88.5(5) N(3)-Za(1)-0(1)  80.4(6)
N(1)-Zn(1)-N(4) 76.3(4) N(#)-Zn(1)-0(1)  96.3(6)
N(1)-Zn(1)-N(3) 74.8(4) N(3)-Zn(1)-0(8)  9LE(5)
N(4)-Zn(1)-N(3) 150.8(4) N4)-Zn(1)-0(4)  91.6(5)
0(1)-Zn(1)-0(4) 171.5(6) Za(1)-N(7)-C(25)  170(2)
C(26)-N(8)-C(25)  120(2) O(1)}-N(10)}-0(2)  132.2(2)
N(9)-C(26)-N(8) 167(2) O(FN(10)-03)  1153(13)
0(2)-N(10)-0(3) 111.1(14)
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SCAnAL

Fig. 39a. SCHAKAL plot of the hydrogen bonded polymer chain.
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The infrared spectrum contains the following characteristic bands for the coordinated
dicvanamide [pgtrae(C-N) 2305, ras(CN) 2241, ng(CN) 2187 cm-!). The shift to higher wave
numbers indicates clearly the monodentate coordination of N(CN)y-. The characteristic bands
for the ligand are present at 1599m, 1568m. 1468m. 1399m. U.v. measurements in water
solution show the two bands for the ligand at 295 and 318 nm. FAB mass spectroscopy results
confirm with the determined X-ray crystal structure. The characteristic fragments are listed in

Table 29.

Tab. 29. FAB mass spectrum (70 eV) of [Zn{ippz)(N(CN)2)(WNO3)(H;0)] (21)

mle relative intensity (%) fragment
518 20 (Zn(ppz){N(CN)2} 1+
452 18 [Zngippz)]*

From a reaction in a molar ratic of 1.2 we obtaiced a new complex arrangement
[Zn{tppz)2 JIN(CN)2)2 - Hp O {22)%. Probably because of steric reasons we found for the first
time the arrangement [M{ippz)3}2+ in which two molecules of tppz are coordinated around
ane zinc atom. The large dicyanamide anion acts as counterion in this case. [n the structure we
found nearly similar Zn-N(pyrazine) distances of 2.10A which are significant shorter in
comparison to the corresponding distances in the mononuclear complex [Zn{tppz)CL2]
(2.156(2)A}. Usually the Zn-N(pyridine) distances are found to be longer. Here the distance
Zn-N(3) is 2.171(7)A and the Zn-N(4) distance is 0.008A shorter. The same relation was
found for the distances Za-N{10) which is 2.162(7)A and shorter by 0.007A than Zo-N(9) with
2.169(7), see Table }1. Important angles around the Zn atom are N{1)-Zn-N(7), N(3)}-Ze-N(4)
and N(9)-Zn-N(10) which have the values 177.3(3), 151.4(3) and 150.2(3)°, respectively. A
strong deviation from 180° is observed. This is an indication for 2 distorted octahedral

coordination sphere. We found also in this complex that the central pyrazine rings are twisted

25T o be Published.
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by 9.07and 9.02° The coordinated pyndine rings A and B are inclined to one another by 8.00°
and by 18.66 and 18.35° relative to the central pyrazine ring. For A’ and B’ we found angles of
A"B' =6.80°, A"C' =25.92 and BC' = 19.97°,

Tab. 31 Observed dihedral angles (°) of the complexes [Zn{tppz}a J(N{CN)2)2 (22)

angle [Znf{tppz}r N(CN)9)2  angle [Zr(tppzh ] CN)9 )2
A”B 8.00 A™B' 6.80
ANC 18.66 AC 2592
B~C 18.35 B 19.97
D*E 3B.04 D E 3361
DAC 36.47 D" 3192
E~C 37.08 E~C” 383.74
AMD 51.80 ArD! 5592
A"E 54.49 ANE! 62.26
B "D 54.33 BADY 5110
B "E 50.52 B*E' 5592
cc 9.07 cre 9.52

Fig. 40. SCHAKAL plot of [Zn{tpp2)2]** (22), the anidn and water molecules are omitted.
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Tab 30. Selected bond distances {A) and angles (°) for {Zn(tpp2)2 JIN(CN)2)2-HaO (22)

Za-N(1) 2.101(5) ' Zn-N(%) 2.100{(6)

Zr-N(3) 2.171(7) Za-N(9) 2.169(7)
Zn-N(4) 2.163(7) Zn-N(10) 2.16X(7)
N(1)-Zn-N(3) 75.3(3) N{1)-Zn-N(10) 104.1(3)
N(1)-Zn-N(4) 75.6(3) N(7)-Zn-N(9) 74.9(3)
N(3)-Zn-N(4) 151.4(3) N(1)-Zn-N(9) 105.7(3)
N(7)-Zn-N(4) 107.1(3) N(10)-Zn-N(5} 150.2(3)
N(7)-Zn-N(3) 101.5(3) N(4)-Zn-N(9) 92.8(3)
N(7T}-Zn-N(1) 177.3(3) N(10)-Zn-N(3) 93.7(3)
N(7)-Zn-N(10) 75.5(3) N(9)-Zn-N(3) 94.1(3)

The discussion of the pseudohalide anion will be centered in comparison to the known
informations about the potassium salt. In the literature is an angle of £ CNC 120.3° and £
NCN of 172.8° observed. This is an indication for a deviation from a planar system. We found
for the dicyanamide molecules stronger deviations, The £ CNC angles of 105(2) and 114(2)°
are significantly smaller. The £ NCN angles are found in a range of 139(7) to 168(2)°, this is a
clear indication for a nonplanar system. Generally, the distances and angles of all pseudohalide
anions are distorted from their ideal values which here is suffering from coosiderable thermal
vibrations. In the infrared spectrum the characteristic bands for the dicyanamide were found at
2128 vs, 2185 m and 2227 m el
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Tab, 31: Selected bond distances (A) and angles (°) for the dicyenamide counterions in

[Za(tppz)a(N(CN)2)2-H20
N(16) N(13)
"'Zn Cé/}('fm)
_E an “_N_ {14)
(52} \C(so)
\\N(TS) \\N (15)
dicyanamide 1 dicyanamide 2
dicyanamide 1 dicyanamide 2
N(17)-C(51) 1.36(4) N(14)-C(49) 1.32(2)
N(ITN-C(52) 1.25(6) N(14)-C(50) 1.33(2)
C(51)-N(16) 1.15(3) C(49)-N(13) 1.09(2)
C(52)-N(18) 1.31(6) C(50)-N(15) 1.103(14)
CNOTIC(52)  105.0(4) C(50)-N(14)-C(49)  114.0(2)
N(1T-C(52)-N(18)  139(7) N(14)-C(49)-N(13)}  148(3)
NOT-C51-N(16)  158(3) N{14)-C(50)-N(15)  168(2})

To investigate the coordination behaviour of the pseudohalide tricyanmethanide towards the
complex {Zny(tppz)(H70)5]1(NO3)4-1.5H2 O we cammied out a reaction in a molar ratio of 1:1
in water solution at 70 °C. A yellow powder precipitated very quickly. After recrystallization
from methanal/water we obtzined fine yellow needles. X-ray structure snalysis indicates the
same arrangement a3 described above. The binuclear zinc complex leses one zinc atom and
two molecules of tppz are amanged around the metal atom in an octahedral caordination
sphere [Zn(tppz)2](C(CN)3)2 (23)39, the atomic numbering scheme is to see in Fig. 41. We
found a highly symmetric molecule with a two-fold axis, on which set atams Zn, N(1), N(2),
N(5), and N(§). The important angles for a description of the coordination polyhedron are
N(1)-Zn-N(5) with 180°, N(3)-Zn-N(3)A with 151.8(4) and N(7)-Zn-N(7) with 150.4(4)°.,
This is comparable to the comesponding angles in compound 22. We found that the Zn-
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N{pyrazine) distances are 2.089(10) and 2.05%(9)}A. therefore they are shorter than those
observed in 32. Because of the two-fold symmetry in lhe;mgi:cule the Zn-N(pyridine)
distances are equal on both sides of the molecule, with values of 2.131(7) and 2.193(6}A. The
central pyrazine rings are twisted by 7.639 and 7.604°. Imponant bond distances and angles

are given in Tahle 32,

Fig. 41. SCHAKAL plot of {Zn(tppz}a){C({CN)3 )2 (23), the anions are omitted for clearity.

Tab, 32. Selected bond distances (A) and angles {°) for [Za(tppz)2 (C(CN)3) (23)

Zn-N(1) 2.089(10) Zo-N(5) 2.059(9)
Za-N(3) 2.131(7) Zo-N(7) 2.193(6)
Zn-N(3A) 2.131(7) Zn-N(7A) 2.193(6)
N(1)-Zn-N(5) 179.9 N(3)-Zn-N(7A) 91.6(2)
N(3)-Za-N(5) 104.1(2) NGA)Zo-N(7A)  95.3()
N(3)-Za-N(1) 75.9(2) N(5)-Zn-N(7) 75.1(2)
N(3A)-Zn-N(5) 104.1(2) N(1)-Za-N(7) 104.9(2)
N(3A)-Zn-Ni1} 75.9(2) N(3)-Zn-N(7) 95.3(2)
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Tab. 32 {continuoation)

NGA)-Zn-N(3) 150.7¢4) NGA)-Zn-N(T) 91.9(7)
N(TA-Zo-N(3) 75.1(2) N(IA)-Zn-N(T) 150.2(4)
N(7A)-Zn-N(1) 104.9(2)

Tab. 32b. Selected bond distances (A) and angles (%) of the compounds {Zn{tppz)2]C(CN}3)2
(23), [Zn(tppz}2]N(CN)2)2-H70 (22) and [Zn(tpp2)Cla} (16)

[ZnfppziCla] (16}

| [Zn(topz)7)N(CN)2}-HaO (22)

[Znitppz)7)(CICNY= )7 (23)

Zo-N(I) 2.156€2)
Zn-N(2) 2.204(3)

Zn-N() 2.17803)

Za-N(1) 2.101(5)  Zn-N(7) 2.10C(6)
Zn-N(3) 2.171(7)  Zn-N(9) 2.165(T)
Zn-N(4) 2.136(T)  Zn-N(10} 2.162(7)

Zn-N(I) 2.685(10) Zn-N(5) 2.059(9)
ZnNG) 213UT)  Zn-N(DA 2.193(6)
Z0-NGW 2.141(7) Zn-N(T) 2.193(6)

N(1}Zn-N(7) 177.3(3) N(1)-Za-N(5) 179.9

N(3)-Zo-N(4) 151.4(3) N(3)-Za-N)A 151.7(4)

N(9)-Zo-N(10) 150.2(3)

N(D-Zn-N(DA 150.2(4)

The discussion of the pseudohalide anion will be centered on & comparison with the results
found for the potassium salt. A strong planacity of the tricyanmethanide molecule was
abserved for the structure of KC(CNY33!. The £ CCC angles are 119.2, 1201 and 120.5% as is
common for sp2 hybridized carbon atoms. We observed for 23 £ CCC angles in the range
from 103.5 to 134.1° three £ CCN angles of 133.5, 174.0 and 178.5°. Atom C(27) and N(10}
undergo considerable thermal motion which could explain the poor bond lengths and angles of
this group.
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Tab. 33: Selected bond distances (A) and angles (%) for the counteﬁons ticyanmethanide of

the complex [Za(tppz)a [(CCNY:3 )y

@, A
(26)\ / (27

€(25)

C (28)

1

N {1
C(26)-N(9) 1.16(2) C27)-N(10) 0.93(4)
C(25)-C(26) 1.35(2) C(25)-C{28) 1.36(2)
C(25)-C(27) 1.63(5) C(28)-N(11) 1.19(2)
C(26)-C(25)-C2Ty  134.1(14) C(28)-C(25)-C(26)  122.5(2)

CETICE5}C28)  103.5(2)

In the infrared spectrum the characteristic bands for the ligand are present at 1597 m, sh; 1568
m; 1543 w; 1480 m; 1468 m; 1445 m; 1401 5. cm-l. The pattemn of bands are shifted in
accordance with the dicyanamide complex 22 described above. Elemental analyses agree with
the composition found for the structure. The FAB mass spectrum contains the following

characteristic fragments, see Table 34.

Tab. 34. FAB- mass spectrum 70 (eV) of [Zn(tppz)a {C(CN)3)7 (23)

m/e rel. intensity (%) fragment

931 12 (Zn{tppz)a(C(CNR)*
841 25 [Zn(tppz)a}*

543 40 [Zn(tppz)(C(CN)3)T*
453 60 [Za(tppz)]*




3, Study ef the coordination behaviour of 2.4.6-tris{2-pyrimidyi}-1.3.5-triazine

3.1 Intraduction

The tris-tridentate ligand 2.4.6-tnis(2-pyrimidyl)-}.3.5-triazine {tpymt) was first prepared in
small amounts by allawing a solution of 2-cyanopyrimidine to stand for several months®.
These authars abtained the 2-cyanopyrimidine by the method published by Klstzer®. A further
method was found by Case and Koft*®, In the latter work the tpymt was also prepared in low
yields by standing 2-cyanopyrimidine for three months. Better vields could be obiained by
Lemer and Lippard™. They also started from the 2-cyanopyrimidine and stirred this compound

for two days in a stoppered flask at 150°C; accarding ta the following reaction scheme:

z

#IE. Ochiai, H. Yamanaka, Pharm, Buil. {Jpn.), 3 (1955) 173: C.A 50 7810 ¢.
8w, Klbtzer, Monatsh. 87 (1956) 526.

#9F H. Case. E. KoRt, J. Am. Chem. Soc., 81 (1959), 905.

9 1 Lerner, S.J. Lippard. J Am. Chem. Soc., 98 {1976) 3397,
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This improved method was also used by us. The difficulty of this synthesis is the relative low
yield of the 2-cyanopyrimidine.

The first four metal complexes of this ligand were described in 1976 and the compound
[Pba(tpymti{NO3)4(H70)2] was crystallographically investigated®, Fig. 42. The triazine
ligand binds two lead atoms in two of its three tridentate sites. These lead atoms are bridged by
a nitrate ion and a water molecule to form a polymer chain along the crystallographic b axis.
The ring system of the ligand is puckered and a water molecule is hydrogen bonded in the third
terpyridine-like site. The geometry around the Pb(1) atom can be described as a distorted cube.
One face of the cube comprises nitrogen atoms of the ligand and the oxygen atoms of one
bidentate nitrate ion. The opposite face of the cube is comprised of oxygen atoms of the
bidentate and the monodentate nitrate ion and O(14) from a water molg.cule. The Pb{2) atom is
eight-coordinated being bound to three nitrogen atoms of the tpymt ligand. Four nitrate
oxygen atoms and one oxygen of a water molecule are coordinated to form a pentagonal
bipyramid. The individual pyrimidine and pyrazine rings are planar, The Pb(l) atom is
1.199(1)A belaw that plane while the Pb(2) atosm is 0.826(1)A above it.

SIE I, Lemmer, 5.1, Lippard, fnorg. Chem.. 16 (1977) 1537.
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Fig. 42. Molecular structure of [Pba({tpymt)(NO3)4(H20)2]

Furthermore, the complexes [(UO2)tpymt)(NO3)2] TH20, [Pby{tpymt)Clg)-3H20 and
(Ti7(tpymt)z(NO3)7] were also obtained, but no crystallographic investigations were carried
out. The same authors observed hydrolysis reactions of tpymt in the presence of Cu(NQ3), %
The bis-(2-pyrimidyl)carboximidatotriaquocopper (II) nitrate trihydrate was formed, see
Fig.43. Julve and co-workers found with the ligand 2.4.6-tris-(2-pyridyl)-1.3.5-triazine (tptz),
in the presence of [Cu(H20)g](ClO4)2®, that a hydrolysis reaction also occurs. The
complexes formed fCu{(NCsH4CO)aN}-(NC sH4CONH>)]- ClO4-H20 end
(Cu {(NC5H4CO)N})CI04 were isolated and investigated by X-ray analysis®,

92E |, Lerner, S.J. Lippard, /. Am. Chem. Soc..98 {1976) 5397.

93E I, Lerner, 5.J. Lippard, Inorg. Chem., 16 (1977) 1546.

$AA, Cantrero, JM. Amigo, J. Faus, M. Julve, T, Debaerdemacker, J. Chem. Soc.. Dalton Trans., (1988)
2033,
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Fig. 43, Malecular structure of the bis-(arylcarbanyl)-aminato copper (II} compiex.

For the first time dimeric complexes were found from the reaction of Coly with 2.4.6-tris(2-
pyridyl)-1.3.5-iriazine. Figgis et al.?* published the X-ray crystal structure of twa different
hydrated phases of bis[2.4.6-trs(2-pyridyl)-1.3.5-triazine]cobalt{il)iodide which crystallizes
separately from the reaction mixture. A monohydrafe and a 3.75-hydrate crystallize in diffecent

space groups with one and two independent cations iri the asymmetric unit, respectively.

Fig. 44. Molecular structure of bis[2.4.6-tris(2-pyridyl)-1.3.5-triazineJeobalt(IMiodide.

Up to now the coordination behaviour of this ligand was not intensively investigated. For this
reason we carried out some reactions with metal salts of the 3d row as well as with Ag*, Cdi*,

Hg?* and TI*,

3B, Figgis. E.S. Kucharski, S. Mitra, B.W. Skelion. A H. White, .dust. J. Chem., 43 (1990) 1269.
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5.2, Further characterization of the ligand tpymt

From the literature some spectroscopic‘ data were known, e.g. the ir. and m.s. spectra are
reported /89/ and the [H n.m.c.® spectrum. The latter consists of 2 doublet (§9.57, 2H) and a
triplet (58,39, 1H) in 3M DCI solution (intermal standard DSS). These values were also
obtained by us. By means of proton n.m.r. measurements the fact was confirmed that the ligand
is decomposed by concentrated mineral acids. Standing of a tpymt solution in 3M DCI for
three days yields a number of additicnal signals, ligand: §9.54 (d); §8.33 (1), amide; §9.54 (d);
8.43 (m), cyanide: §9.09 (d); 67.86 (t). We recorded afso a proton a.m.r. spectrum of tpymt in
D, Q/DSS and obtained the following signals: §9.11(d, 2H 3J(H_H)=1.94Hz); 5785 (1, IH,
351 Hy=4.94Hz). In addition & 13C {1H} nm.r. spectrum (D20/1drop HCI) was recorded by
us, Four singlets for four different carbon atoms were observed:, §=171.5 (C 7), &160.8 (C
3and C 5),5=159.1 (C 1), 5=127.4 (C 4).

" N| X
|
\N | "\ N/
N M
7
1
Ny
5U3
4+

These observations are in accordance with theoretical expectations and with the literature %
data,
Furthermore, an w.v. spectrum in water was recorded at 25 °C. We obtained one broad

abserption band at Aya=250 nm (Apin=210 nm) with £qax = 24 900. Thermogravimerric

#6H.0. Kalinowski, 5. Berger, S. Brown, 'ch-m-smcuuskopic', Grorg Thieme Verag Stuttgart, (1984),
125,
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measurements of a sampie of the lgand show a loss of mass from 33.3 to 1483 °C,
am = 033 mg corresponding to 1.8 water molecules. Therefore we assume the composition
tpymt-2H20. Cyclovoltammetric measurements could be carried out only in water solution
because of the solubility, therefore only a small range could be studied. A cyclic
voltammogram of a 10 M solution of the ligand at 25°C was recorded. As background
electrolyte 2 0.1 M KCI solution was used. A platinum working electrode and a calomel
electrode were the reference electrodes. In the range from 0 to 0.8 V scaaned at 40mV/s a
reversible redox process was observed with Epeq = -0,21 V and Egy = -0,19 V. Probably an
one electron redox step occurs on the pyrimidine rings.

A hydrochloride tpymt-4HCI2H;0 (24) was obtained from a 6 M HCl solution after
precipitation with acetone. The elemental analysis implies 4 HCl and two molecules of water
per molecule. Thermogravimetric measurements show a loss of mass from 121,53 10 155,3 °C,
am = 1,66 mg, probably corresponding to 4.5 HCIL. A quanuitative determination of chloride
with AgNO5 agrees with these results. Proton n.m.r. investigations in D70 show an upfield
shift of the signals (6 8.98 (d), 2 H and 5 7.35 (t), 1 H ) but no additional signals were
observed in solution because of a protonation. The infrared spectra {KBr) differ in so far that a
new pattern of bands in the »(C=C), »{C=N) region (1660m, 1595w, 1553vs, 1510w, 1400w
and 1373w cm1) could be observed. This effect was also found in the later described spectra
of Ni(Il) complexes of tpymt. The u.v. spectrum in water shows a broad band for the ligand at
A min =210 am, Agay =250 nm with e,y =22400.

5.3. Reactions of tpymt with 3 d metal saits

To obtain information oo the fexbility of the ligand tpymt, the coordination behaviour
towards some metal salts of Fe3*, Co2*, NiZ*, Cu?t, Zn2* were investigated. All reaction
attempts were carried out in aqueous solution at 50 °C with a metal to Ggand ratio of 3:1. In
the presence of several copper(Il) salts CuX; (X= Cl*, PFg", NO3", ClO4*, S042) we also
observed a hydrolysis reaction as described by Lerner and Lippard % for Cu(NO3);. The same

results were observed in the presence of cobalt compounds (chloride, nitrate and sulphate)
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after standing the solutions over a long period (longer than ore week). The characterization of
the powders abtained indicated the formation of the bis(pyridyl)carboximidate copper or
cobalt complexes (ve=@=1733cml). To have a first indication if the ligand is able 10
coordinate one, two or three metal centers we synthesized the sparingly soluble perchlorate
complexes of Fe3*, Co?*, Ni2* and Zn?* (25a-2) which precipitated very quickly from
solution. The elemental analysis results indicated that the metal to figand ratio in all the formed
compounds was 1:1. Uv measurements in water solution show no shift of the characteristic
bands of the ligand. By means of proton n.m.r. investigations we also observed that no
coordination in solution occured. The infrared spectra (KBr) show slight shifts of the
characteristic bands of the ligand, a decomposition was no1 observed. The anions were
changed to hinder a quick precipitation and in some cases defined products could be isolated.
In a reaction of the chlorides of Fe3*and Za2* with tpymt (ratio 3:1) yellow crystals were
obtained {26) and a white powder (28) respectively. The eiemental analysis results indicated in
both cases also a metal to ligand ratio of 1:1. The reaction attempts of tpymt with NiSOy
resulted in green solutions which were stable over a long period. Crystals could not be isalated,
however a precipitation of the compound with ethanol was possibie. The elemental analysis
indicated a ligand to metal ratio of 1:2, therefore the compasition [Nig(tpymt)(SO4)2(H70)4]
{27) is assumed. The infrared spectra (KBr) show clearly a change of the absorption pattern for
the ligand which indicated the coordination. A change of the anions to chloride or nitrate gave
no suitable crystals for X-ray diffraction studies. The reflectance spectra exhibit three bands at
9527, 15625 and 25974 cm*l. The bands have been ascribed to d-+d transition near to Oy,
BAgg+Tag, FA2g3T14(F), 3A253T 4(P)]. An octahedral coordioation sphere for the
Ni2+ is assumed.

Finally, one can remark that the complexes of tpymt, the free ligand as well as the
hydrochloride salt, all exhibit a poor crystallization behaviour. This could be shown in a lot of
reaction attempts. Futthermore, in the presence of cobalt and copper metal-assisted hydrolysis
reactions of the triazine ring occurs. Here, the metal can act as Lewis acid (electrophile) and
catalyses reactions which are not normally acid catalyzed. Mononuclear iron and znc

compounds show, in the infrared spectra (KBr), a small shift of the characteristic C-N vibration

107



bands which could be a indication for a coordination in the solid state. With nickel salts
however we found a two-fold coordination which is clearly seen in the infrared and the
reflectance spectra. For this reason we carried out further reaction aitempts with metals which

are able to form longer metal nitrogen bonds.
5.4. Reactian of tpymt with silver(T} salts and eadmium(II) chloride

From a reaction of tpymt with AgClO4 (metal to ligand ratio 3:1) we obtained an orange
precipitate {25¢). The clemental analysis resuits indicated a ligand to metal ratio of 1:2. From a
reaction of tpymt with AgSOy4 (1:3) after standing for some days we isolated yeilow orange
crystals (29) which dried out very quickly. The clemental analysis results indicated also a metal
to ligand ratio of 2:1. In the infrared spectra of all synthesized compounds bands appeared of
the ligand together with the characteristic vibrations of the anions sulphate and perchlorate.
Only small shifts of the characteristic ligand bands were found, this was also observed for the
lead complexes in the literature mentioned above. From a reactioa of tpymt with CdCly (molar

ratio 1:3) we obtained pale yellow crystals of 30

CdCly +pymt +  4H0 - [Cd{tpymt)Cl5(H20)} 3H0
(30)

The X-ray structure analysis indicates a mononuclear complex [Cd(tpymt)}Cla(H20)}-3H20.
The geometry around the Cd atom can be described as a distorted octahedron, see Fig.45. Two
chloride ions are bound to the cadmium atom with distance-s.‘ of Cd-CI(1) 2.5254(10} and Cd-
Cl(2) 2.4362(9)A. One molecule of water is coord'm-ated with a distance of 2.5659(24)A. The
Cd-Nitriazine) bondlength is 2.3347(19)A, respectively. The Cd-N(pyrimidine} distances are
significantly diﬁ'aent with a Cd-N(4) bond length of 2.3930(21)A whereas the Cd-N(6)
distance is 0.092A longer [2.4852(20)A]. The same fact was observed for the complex
[Pba(tpymt)(NO4g)4 2H70]. One Pb-N(pyrimidine) distance of both tridentate sites is loager
by 0.08A_ This indicates that the ligand system is uot flexible enough to distort the pyrimidine

rings relative to the central triazine ring. The dihedral angles show an almost planar ring
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system. The structural data of a cadmium complex with terpy are known in the literature. In
the complex p-(2,2"6'2"-rerpyridyl-cadmium)-bis{pentacarbonyl-manganese) the coordination
of the cadmium atom is best described as a very distorted trigonal bipyramid. The Cd-
N(pyridine) bondlength (Cd-N(2) 2.4054) to the nitrogen of the central pyridine ring is shorter
than the distance to the other two nitrogens (Cd-N(1)} 2.475, Cd-N(3} 2.493A). These
distances are comparable with the longest distance Cd-N(pyrimidine) in our

[Cd(tpymt)Cly(H0)) 320,

o

Fig.45, SCHAKAL plot of [Cd{tpymt)Cla)(Hp0)] (30)

Tab.35. Selected bondlengths (A) and angles (°) of [Cd(tpymt)Clo}(H0)]- 3H20 {30)

Cd-Ci(1) 2.5254(10) Cd-N(1) 2.3347(19)
€d-Ci(2) 2.4363(9) Cd-N(4) 2,3930(21)
cd-o(1) 2.5659(24) - C4-N(6) 2.4852(20)
CI(1)-Cd-CI(2) 103.45(3) CI2)-Cd-N(1) 161.31(5)
C2)-Cd-0(1) 85.37(6) CY(2)-Cd-N(4) 11831(6)
CI(1)-Cd-N(1) 93.49(5) CI(2)-Cd-N(6) 102.63(5)
CI(1)-Cd-N(4) 91.12(5) 0(1)-Cd-N(4) 78.67(7)

CI(1)-Cd-N(6) 95.78(5) O(1)-Cd-N(6) 38.69(7)

O{1)Cd-N(1) 78.85(7)




The infrared spectrum (KBr) shows the following vibrations in the ¢(C=C), #«(C=N) region:
1578s; 1553vs; 1425sh,w; 1374%s em-f. The vibration at 1578 afil is shifted by 10 cm! in
comparison with the free ligand and indicates coordination. 'H n.m.r. investigations of the
complex in D2O/DSS solution gave two signals at §9.23 (d. 3I(H-H)=4.97H.z) and at 67.95(t,
iH, 3I(H.H)=4.96Hz)‘ Far the free ligand we found in the same solvent two signals at 9.11
and 87.85. Therefore, we assume an interaction i solution. The direct monenuclear
coordination of the cadmium is not indicated in solution, this was also found by means of u.v.

measurements.
3.5. Reaction of tpymt with thallium(T}nitrate

Lemer and Lippard obtained from a reaction of tpymt and TINOg dark yellow crystals®!.
They proposed by means of elemental analysis results the composition [TlH{tpymt}(INO3)7]
(31). We wanted ta reproduce this synthesis but we found the reaction was incomplete and
after filtering pale yellow needles counld be isolated. X-ray structure analysis showed the
composition {tpymt-3TINO3-0.75H,0]. The thallium atoms occupy sites near the terpyridine
fike sides, see Fig 46 and 46a. The TI-N distances (see Tab 26) are between 2.85 and 3.13A.
These distances are thought to be 10 long for covalent bonds. In the literature structural data of
a 2-pyridyl-cyanoxime-thalium(I) complex is described”. The TI-N bond length is
2.695(12)A. A similar distance of TLN 2.61{1) was observed in the complex
tetramethylammonium-{2,2'-bipyridine-N,N'}-octacarbonyi-di-iron-thallivm and 2.58(1)A in
tetramethylammonium-(2,2'-phenanthroline N, N')-octacarbonyl -di-iron-thalliom®. In this case
(31) we assume Van der Vaals forees linked this compound or a co-crystallization effect takes

place,

97N.N. Garasimchuk, L. Nagy, H.-G, Schmidt, M. Noliemeyer, R. Bohra, H.W. Roesky, Z. Naturforsch., B, 47
{1992) 1741,
981 M. Cassidy, K.H. Whitmire, /norg. Chem, . 28 (1992)1435,
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Fig. 46. SCHAKAL plot of tpymt 3TINO3.0.75H,0 (31)

Fig. 46a. SCHAKAL plot of tpymt-3TINC3-0.75H20 showing the packing in the crystal,



Tab.26. Important TI-N distances (A) of tpymt- 3TING3-0.75H,0

T 1)E-N(1) 2.934(19) T TI)d-N(8) 3.132(20)
Ti(1)6-N{4) 2.946(22) TI(3)-N(2) 2.956(18)
TI(H)S-N(D) 3.011(21) TI(3)-N(5) 2.923(21)
TI2)4-N(3) 3.111(19) TI(3)-N(6) 2.851(17)
TI(2)9-N(7) 3.063(20)

Symmetry operations: €x, -1+y, z, dl-x, 2y, -z.

The aromatic ring system is not as planar as that found for the cadmium complex. A
comparison of the dihedral angles of the pyrimidine rings relative to the central triazine ring is

given in Table 37. The ligand molecules are stack along the crystallographic ¢ axis.

Tab, 37. Overview of dihedral angles (A) between the central triazine ring C znd the
pyrimidine rings of {Cd(tpymt)Cla(H70))-3H20 (30) and tpyme-3TINO30.75H0 (31).

[Cd(tpymt)CI(H»0)}3H70 (30) _ tpymt-3TING5-0.75H0 (31)

A"B 0.41(9) 6.5(9)
AC 1.04(8) 4.7(8)
A"D 1.16(9) 0.7(12)
B C 0.69(9) 3.6(9)
B D 139(10) 6.4(10)
cD 2.08(10) 4.9(8)
cC 1.8(3)

1t was found, tpymt is not be able to form three covalent bonds in the terpyridine like sites of
the ligand, since the system is not flexible encugh to move the pyrimidine rings {nitrogen lone

pair interaction).
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4. Study of structural, magnetical and conductivity behaviour of coordination polymers

cantaining the ligand pyrazine-2,3,5,6-tetracarboxylic acid (Hypzte)
4.1, Introduction

Pyrazine-2,3,5 6-tetracarboxylic acid and its Na*, K*, and Bal* salts as well as its Agt
complex have been known since 18931617 The potential of this bis(tndemate)ligand for the
formatien of coordination polymers was investigated by Marioni®. A series of transition metal
salts were reacted with an equimolar amount of Hapztc at differenmt temperatures and in some
cases in the presence of buffer solutions. With divalent metal salts of iron, cabalt and zine
quasi-linear polymers were obtained and the ligand coordinates in 2 bis(bidemate) manner. The
non- coordinated carboxylic groups are rotated by approximately 85° te the plane of the
pyrazine ring. In the crystal the linear neutral chains are bridged by hydrogen bonds to the
water molecules of crystallization to form a two-dimensional sheet. The first structure of such
3 quasi-linear polymer from an agueous solution, namely {{Fe(ngth)(HzO)g]-ZHzO]x’ was
published in 1986%. In all reactions neither the metal to ligand ratio nor the temperaiure had a
significant effect on the resulting products, with the exception of Mn2*,

The reaction of MnSOy4 in 3quecus medium carried eut at 50°C gave yellow crystals whose
structuce proved by X-ray diffractien to be a neutral zig-zag-polymer. It was found that the
anion Hppzte?™ coerdinates to the manganese, which sits on ¢ two-fold axis and is octa-
coordinated. In the crystal the polymer chains run in mutually perpendicular directions,
interlacing with ene another. In the case of nickel and copper only insoluble precipitates were
abtained, therefore no X-ray diffraction studies were possible. If the same reactions were
carried out in the presence of a buffer-solution (CH3CO;K/CH3CO4H, pH~5) ali four
carboxylic groups were deprotonated and considerable differences were observed, see Fig.47.
The ligand is now coordinated in 2 mono(tridentate)-bis(bidentste) manner. Only one pyrazine

N atom is coardinated. At the opposite side of this ligand the carboxylate groups 3 and 5 are

¥9P. A, Marioni, H, Stoeckli-Evans, W, Marty, H.U. Gildel, A-F. Williams, Helv. Chim. Acsa, 69 (1986) 1004,
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rotated by almost 85° to the plane of the pyrazine ring. This column type structure is similar to

that found for the zinc complex of the pyrazine 2,3-dicarboxylic acid'®,

L) . -

0“ so\n ] ]

1
[ oW 95"

Fig. 47. Molecular structure of [Kz{Zn{pztc)(H,0)}- 2H;0)].

While carboxylic acid group on C(2) is coordinated to the metal, the adjacent group on C(3) is
rotated by almost 85° to the pyrazine ring and coordinates ta two symmetry related zinc atoms.
This arrangement of two adjacent carboxylic groups which are almost perpendicular to one
another on coordination could be exploited in the formatico of new coordinatioo polymers,

The reaction of CuClz with Hgpzte in CHJCOIK]CH}&OZH buffer solution yielded large
green crystals which lost water of crystallization very rapidly. Later C. Whitaker reported this
reaction nat only with the K* buffer but also with Cs* and Rb* buffers. The products were
isomorphous and their X-ray analyses revealed an interesting tv-;o dimensional polymer

structure!®t 92shown in Fig.48.

199 Richard, . Tran Qui, E.F. Bertaut, cfa. Cryst, 30 (1974) 628.
101C, Whitaker, Research report, Université de Neuchitel, 1990
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Fig.48. Plot of the two dimensional sheet of [Csq{Cuq(pzic)a{H90)3})-9H0ly, the water

molecules of crystallisazion and the Cs atoms have been omitted for clearity,

The copper atom is coordinated differently to the two ligand molecules forming a zig-zag
polymer chain, which dimerizes about 2 center of symmetry forming a two dimensional sheet.
‘The sheets stack up the ¢- axis and the interlayer space is occupied by water molecules and
alkali metal cations.

In 1989 Glinther and Thewald'® described reactions of M TiCla] (M=Ti, Zr) with K4pzte.
The reaction of [CpyTiCly] with Kqpzte in the two phase system of HpO/CHCly giving the
tetranuclear complex [CpaTi(pztc)TiCpyly, in which two of the titamium atoms are
pentacoordinated whereas the other two are tetracoordinated. This compound was obtained as
a hydrate (with 12 H20) or as a crystalline solvate (with 2H50-2CHCi3-3CH3NO3). The
reaction of equimolar amounts of [CpyTiCla] and {CpZrCiy] with Hgpzic gives the

WO\ Graf, H. Stoeckli-Evans, C. Whitaker, Chimia, 47 {1993) 202,
19T, Ghnther, U. Thewald J. Organonmet. Chem., 43 (1989 371,
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heterometallic complex [Cpa Ti{pztc)ZrCpa ]y which crystallized also as a solvate. fibdil et ai'®
obtained ((1,3-'BuC3H;)TICKO»C-Pz)2] from 2 reaction of {1‘,3-‘BuC5H3TiC]3) with
pyrazine-2-carboxylic acid {mg;-;ffé:tio of 1:1). Surpnsingly two rﬁo'i:cules of the pyrazine-2-
carboxylic acid are coerdinated to the titanium atom. Postel and co-workers'®* studied some
reactions with various pyridine and pyrazine mono and dicarboxvlic acids, respectively, with
Bip0O5 and characterized the products mainly by infrared methods. From 2 reactien of
pyrazine-2,3-dicarboxylic acid with BipO3 resuits a white precipitate which was proposed as
polymer [Bi(02C)y-pz(OH)] 0. The band found at 470 cm*! was assigned to the Bi-O(H)-Bi
vibration and indicates the presence of Bi-O{H)-Bi bridges in the polymer network,

Sanyai and Garai'® synthesized complexes of Co?*, Ni2t, Cul*, Te?*, Zn?*, Cd?*, and
Hg?*with pyrazine-2,3-dicarboxylic acid dihydrazide. The characterization was undertaken by
elemental analysis, spectral and magnetic moment dara. The cepper and mercury complexes are
chloride bridged dimers, the coordination is realized by a hetero-N-atom, along with a
carboxyl-O in the former and an enolized hydrazide-O i the latter. The [CuLClj; complex
shows a subnormal value of por=0.84 BM which is perhaps due te antiferremagnetic

interactions between two Cul* centers through chloride bridges.

»

1841 [ibril, 5. Abu-Orabi, 5.A Klaib, W, Imhof, G. Hutiner, J.. Organomer. Chem., 433 (1992) 253,
W5T, Zevaco, N. Guilhaume, M. Pastel, New. J. Chem., 15 {1991) 927.
196G, S. Sanyal, S. Garni, Indian J. Chern,, 30 (1991) 554.
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4.2, Improvement of the synthesis of pyrazine-2.3.4,5-terracarbaxylic acid {32 }

Marigni? synthesized the ligand according ta the methad of Chattaway and Humphrey!%?. The
reaction pathway consists of two steps. The first is a condensation reaction of
o-phenytendiamine with the disodium salt ef the dihydroxytantric acid yielding the quinoxaline-
2,3-dicarboxylic acid. The second step is the oxidatien of the latter compound by means of
KMnO4 under basic conditiens, In contrast to this time consuming synthesis it was our goal to
find a more efficlent way to isolate the acid in one reaction step in acceptable yields. We
started according to the synthesis of Wolff'S, ie. oxidation of 2.3,5,6-tetramethylpyrazine
under basic conditions, In the literarure no details of the reaction conditions were described.
Prefiminary experiments indicated that this special oxidation is a very sensitive reaction and
occurs only under carefully defined conditions. The difficulties consist in the follawing: if the
conditions are 100 mild incomplete oxidation of the methyl groups occurs; if the conditions are
too drastic a partial decarboxylation can take place. Afler many attempts we improved and
optimized the synthesis (for details see experimental part). The 2,3,4,5-tetrameihylpyrazine is
oxidized by a large excess of KMnOy4 at 90°C in an atkaline aqueous medium. The
permanganate must be added slowly in small pontions and the reaction temperature should not
exceed 90°C. For the recrystallization of the free acid from hor water it is important that the
tempersture does not exceed 70°C because of the possibility of decarboxylation. The
determined melting point of 196°C and the clemental analysis are indications for the purity of
the obtained product. In the n.m.c. spectrum we can see that all the me:hyl groups were
oxidized. The signal for the equivalent acid protens lies at 9.25 ppm in CDCl3 as solvent. The
infrared spectrum exhibits an intense characteristic band at 1746 cm" for the #,(COQ) of the

carboxylic group.

197¢. D. Chanaway, W.G. Humphray, . Cherm. Soc, (1929) 645,
17



4.3, Synthesis of coordination polymers of Cu(ll) and Mn{ll) with Hypztc by

b
introduction of divalent cations

The following reactions were carried out in each case under the same reaction conditions. The
metal salt was dissolved in water at 50°C under nitrogen. To this solution was added an
equimolar amount of Hypzic and the corresponding 2M magnesium or uranyl buffer solution
to bringing the pH to 4.83-5.0. The solution was stirred and allowed to cool to room
temperature (see experimental part). From a reaction of MnCls with Hqpztc in the presence of
a 2M Mg-acetate buffer we obtained a yellow powder which was inseluble in &l common

solvents.

50 °C, H0, N,
MnCl, + Hypztc [Mg(H,0)giMn(pzte)(H,0):1 3,01,
(CH;C0,), Mg/ CHyCOH

(33)

It was impossible to obtain crystals of this compound. The product was characterized by
infrared spectra, elemental analysis and thermogravimetric measurements. Its infrared spectrum
exhibits characteristic bands at 1656 cml rag(CO0) , 1605 cml HC=N) and at
1320 cm*! the vs (C=0). In the literature!®® 199, 119, 111 gimilar values are given for complexes
of the pyrazine 2,3- or 2,5-dicarboxylic acid. A broad intensive band at 3407 cm*l » (OH) is
present and we assume an associative water molecule. By means of clemental analysis we
propose the composition [Mg(I{20)5{Mn(pzté')-(HZO)z}BHzO]x. Thermogravimetric
measurements (DTG) show a peak at 51.3 °C, a loss of mass corresponding to 11 molecules of

water is assumed,

3T, Zevaco, N. Guilhaume, M. Postel, New. J. Chem., 15 (1991) 927,
109R_ W, Matthews, R A. Walton, fnorg. Chem., 10 {1971) 1433,
1195 B, Brown. M.J.S., Dewar, /norg. Chim. Acta, 34 {1979) 221.
IM@G.S, Sanyal, S, Garai, indian Jeur. Chem.. 30 (1991} 554,
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From a reaction of CuCly with Hgpztc in the presence of Mg-acetat buffer we obtained weil
formed green crysrals which were suitable for X-ray diffraction studies.
50 °C, H;0, N,

CuCl, + H,pztc {mglH,0)slCulp2tc)(H,0),) 21,01,
(CH,CO,); Mg /CHCOH

(34)

The characterization by infrared methods also gave the expected bands at 1645 cm! for
vas{COQ) and 1307 ¢m! for vs(C=0). A determination of the (C=N) vibration is impossible
because of the overlapping of the broad absorption of the v, (COOY in the {C=N) region.
The broad intense band at 3409 cm! OH) indicates associative water molecules.
Thermogravimetric measurements (DTG) indicate a loss of mass at 85°C which could be
responsable for a loss of 10 molecules of water. The structure of this polymer is given in
Fig.49 and Fig. 50. This quast linear polymer structure is very similar to that found for the
neutral Fe* polymer of Marioni?. The basic unit consists of a copper atom, located on a center
of symmetry, coordinated 1o the pyrazine N-atom and an oxygen of one carboxylic group on
either side of a square plane. The coordination of the copper atom is square planar with the Cu
atom lying in the best plane through atoms N1, O, N1’ and OV, with atom OW1 and OWY'
occupying positions + 2.373(2)A from the square plane. The non-coordinated carboxylic
groups, involving O3 and 04, are inclined by -85.5(2)° to the best plane trough the pyrazine
ring. The polymer chains run parallel to the b axis and are separated by the magnesium
hexahydrate cations and the water molecules of ¢rystallization, Fig. 50. The whole assembly is
linked by an extensive hydrogen bonding network involving the water molecules of the cation
Mg(H20)512+ (OW), OW2, OW3), the coordinated water molecules OW4, the water
molecules of crystallization OWS, and the O-atoms of the coordinated and ncn-coordinated
carboxylic groups, 02, 03, and Q4. Selected bond lengths and bond angies are given in
Tab. 38.
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Fig. 50. PLUTO plot of the packing in [Mg(Hy0)¢{Cu(pztc)2H;0}-2H0] (34)

® Cu-atoms, B Mg-atoms. -
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Tab.38.  Important bond  disances (A) and bond angles (%)  for

{Me(H20)6{Cu(pztcl Ha0) }-2H70] (34)

Cu-0(1) 1.901(1) O(1)-Cu-O{W4) 88.43(6)
Cu-N(1) 2.140(2) N(1)-Cu-0(1') 81.39(6)
Cu-O(W4) 2.376(2) N(1)-Cu-N(1') 180.00
O(1)-Cu-N(1) 98.61(6) N(1)-Cu-Q(W4) 92.59(6)
O(1)-Cu-01Y 180.00

A Cu-N(pyrazine) distance of 2.139(3)A for [Cs4{Cus(pztc)a(H20)2}-9H201, 100 polymer
was observed. The same distance for the corresponding polymers containing K¥and Rb* are
21272)A and 2.123(2)A, respectively and for the [Me(Hp0)g{Cu(pzic)}{H20))
2 Ha0)y, polymer a distance of 2.140(2)A was observed, They are significantty longer than the
standard average value of 2.024A112 or those values observed for the mono-and dinuctear
copper complexes formed with tppz, were the same distances are 1.943(4) and 1.962(3)A,
respectively!’3, However a similar distance, 2.135(5)A, was observed recently in a Cul*
menonuclear complex of the new ligand 2,5-dimethylcarboxylate-3,6-dimethylpyrazine!™#, To
introduce 2 further large cation we carried out the reaction of Hypzic with MnCly in the
presence of uranyl-acetat buffer. After slow evaporation in air we obtained a yellow insoluble
precipitate which was characterized by infrared spectra, eclemental analysis and

thermogravimetric measurements.

1125 G, Orpen, L. Brammer, FH. Allen, O, Kennard, D.G. Watson, R Taylor, J. Chem. Soc., Dalton. Trans.,
(1989) 1.
U\ Graf, B. Greaves, H. Stoeckli-Evans, frorg. Chim. Acta, 204 (1993) 239

114y Wang, H. Stoeckli-Evans, (o be published.



50 °C. H0, M,
MnCl; + H.pzate (U0, [Mn{pzte)(H;0)} 15H,0],
(CH1C0,)9U0,/CHICOH
- v
(35)

The infrared spectrum shows the typical pattem for the coordinated ligand. We found bands
vas (CO) at 1666 cm-! the {C=N) at 1635 cm*! and the »s{(C=0) at 1322 em"!. The broad
band at 3333cm-§ W{OH) indicates associative water molecules. The characterstic vibration for
the X{U=0) is described in the literature!’¥ at 933 em! and we found this band at 931 cm-!
with a strong intensity. Thermogravimetric measurements (OTG) show a loss of mass at
50.2 °C which could be responsable for a loss of 17 molecules of water which is in agreement
with the elemental analysis.  Therefore we propose the following composition

(U2 {Mn(pztc)}(H20)2}-15 H0lx.

The reaction of Hypztc with CuCly and UOy-acetat buffer resuits in 4 green precipitate which
is 2l50 insoluble and similar to the previously described compounds.
50 °C, H0, M,

CuCy + Hpzte [U05iCu{patc){Ho0)1 144,01,
(CH3C0,)5U0, /CH{COH

(36
The infrared spectrum exhibits the characteristic bands at 1684 cm-! vpg (C0OQ), 1651 cm™
v {C=N) and 1314 cm-! »(C=0) The strong band for the KU=0) is presemt at
931 cm-l, The broad intensive band at 3348 e¢m~! »{OH) is assigned to associative water
molecules. Thermogravimetric measurements (DTG) show a peak at 56.8°C which could be
responsable for a loss of 16 molecules of water. The elemental analysis is in agreement with
this result. No crystals were obtained from a reaction in 8 UO-buffer medium. The pH of this
reaction mixtures was lower than 4.8-5.0, probably by reason of protolysis equilibriums

(UO2* + Hy0 — UO(OH)YT +H™). This fact could cause the relatively quick precipitatjon.

LM, Hesse, H. Meier, B. Zeeh "Spektroskopische Methoden in der Chemic”, Georg Thieme Verlag Stuttgart,
(1991).
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Reaction attempts with Ca2*, §r2* and Ba2* with Hypzic in the presence of Cu?* resulted in

white insoluble powders of Hypzic containing no Cu>* cations.

4.4, Electrical conductivity measurements of some polymers of Hypztc

The following investigated polymers crystallize in a defined arangement* and they have
anjsotropic character, To obtain conclusions between structural and tonducting properties
single crystal resistivity measurements are the most precise analytical methods. The crystal
must be stable, well formed, and large encugh for these investigations. The polymers of
Hgpzte do not satisfy this condition. They loose water very quickly and therefore a structural
change results. For this reason we dried the polymers over P40yp to avoid complicating
effects due to the presence of water during the conductivity measurements. The presence of
water was controlled by thermogravimetric measurements. A partial tempering of the
compounds was necessarily. To have a good sample to handle we pressed discs (KBr power
press for infrared) of all the polymers under a defined pressure of 125 bar. After this the discs
were connected by tin-wire onto sitver-painted electrodes. A scheme of the temperature

dependence measurements is given in Fig. 51.

4
L4
s
1 2 6
Fig. 51. Scheme of the temperature dependence measurements:

1 voltage supply; 2 resistor (10KD); 3 sample; 4 xy-recorden(x=T, y=UR),

5 thermostat, & temperature controlled heater
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Tab. 39. The coom temperature measured specific resistivitics for the polymers:
[Ka{Cualpzte)y(H20)3}-9H7 0l [Rbg {Cup(pzic)y(Ha0)z}-9H0]x
(RbCu), measured after tempering, [Csq{Cuj(pztc)s(H70)3}-9H20] (CsCu);

(KCu):

[Me{Hs0)g{ Cufpzte)(Hy0)z} 2H20], (MgCu), measured after tempering. All
samples were dried over P4O1g o = R-A/M in Qem with p = electrical resistivity,

R= resistance; A= surface of the conductor, |= thickness of the conductor

polymer UinV lin A Aincm Lit cm Rin {2 gin {3-cm
KCu 300 0.1 0.12 0.01 3000106 |36 1010
RbCu 30 3.5 0.78 0.026 300106 19.00 -109
CsCu 30 a.12 0.78 0.035 250:106 536 109
MaCu 30 L7 0.2 0.009 300106 |6.66 109
Lo T eim FRewnof 83 r8
- /\_“”_'_\
., prneem -
-
L
-13
zb
o
\
- ' mec

Fig. 52a Thermogram of the RbCu-polymer
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Fig.52b. Tempering curve of tbe RbCu-polymer in the temperature range from 20 to 200°C.

The RbCu-palymer coutained, after drying over P4O1q, about four to five molecules of water
(DTG shows a loss of mass of 5.6% between 42 and 79°C, Fig. 52a). The resistivity reaches a
value of 2.57-108 () cm. The tempering curve of this compound was recorded. An enormous
increase of the conductivity with increasing temperature was observed. This effect could be
due to the presence of water molecitles, see Fig. 52b. The coustant resistance after tempering
(300108 0) is comparable with the resistivities of the MgCu-polymer in a temperature range
from 21 to 200°C.. The resistivity of the CsCu-polymer is 2 litle bit smaller and for the KCu-
polymer ten times higher, see Tab.39.

Brown et al!!é prepared transition metal complexes and coordination polymers of the
pyrazine-2,5-dicarboxylic acid. They obtained an anhydrous Cu?t polymer as well as
hysroscopic Ni2* and Co?* polymers. Electrical conductivity measurements were undertaken.

The global values for all the polymers was > 10121}; whether the material was hydrated or not

\16p, Brown, M.J.S. Dewar, Inorg. Chim. Acta, 34 (1979) 221,
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is not stated. The effect of the presence of water was also discussed and found to be very
complicated for these measurements. We have determined the resistivity under defined
conditions and found that the CuZ*-polymers of Hypztc have a resistance of nearly 10600, The
voltage dependence of the samples in a range from 0 to 30V indicates 4 linear curve like an
ohmic resistor. The spezific resistivities of nylon or phenoplastics are in the same range as

found for these semicenducting polymers.
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5. Summary

One object of the present work was the investigation of the coordination behaviour of the
ligand tppz towards transition metal salts of Co?*, Wi2*, Cul* and Zn2*. Bock and co-
workers?! investigated the monoclinic form (tppz-II) by means of X-ray structure analysis.
During the present work the monoclinic form of the free ligand, recrystallized from CHyCla,
was obtained with identical results. From an equimolar reaction of tppz with ZnCly in
EtOH/HZ0 the complex [Zn(tppz)Cla] and a new tetragonal form of the free ligand (tppz-1}
was isolated. 15N nm.r. investigations show s temperature dependent behaviour for tppz. A
movemeat of the pyridine rings is assumed at elevated temperatures. Therefore, there were
indications that the ligand could be flexible but it depends on the solvent used and the
temperature. For further characterization the question of the different hydrochlorides was of
interest. Bock and co-workers¥ obtained, in a reaction of tppz in 1M HCL, a two-fold
hydrochloride after recrystallization from CH3CN. Contrarily we obtained a four-fold
hydrochloride tppz-4HCI-2H20 (1) from a2 reaction with 2M HCL Interestingly in this
centrosymmetric molecule two chloride ions are situated near the protonated nitrogens of the
pyvidine rings and two are situated far away, probably because of crystal packing reasons.
Goodwin and Lions'® investigated for the first time the coordination behaviour of tppz in 1959,
By means of elemental analysis resufts of the complexes obtained they assumed only a
mono(tridentate) coardination. In this context they noted that the pyrazine nucleus was unable
to have bath its nitrogen atoms acting simultaneously as dacors. Since a number of complexes
containing tppz have been prepared but oo structural proof for a bis{tridentate) coordination
behaviour, or a bridging coordination mode together with further ligands, was obtained.
Therefore we carried out reactions of tppz with an excess of metal salts in ethanol/water
mixtures at 90°C to obtain crystals suitable for X-ray diffraction studies, which could be
important for the discussion of the resulting physical properties.

We could isolate the complex [Nip(tppz)(HaO)gl(NO3)4-3H20 (4) with tppz in a
bis(tridentate) coordination mode*, The central pyrazine ring in this molecule is twisted. The
dihedral angle between plane CTC(1), N(1), C(4)] and C°[C(2), N(2), C(3)]is C'~C"* = 10.9°.
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Three moiecules of water are coordinated around each nickel atom to give an octahedral
coordination sphere; the nitrates act as counterions. The Ni(l)..Ni(2) separation in this
molecule is 6.6446(18) A. From the reaction of 4 with the camplex [Mn(H70)4(sqacH),] a
hydrogen bonded three-dimensional polymeric nerwork was obtained. The manganese complex
decamposed in solution and a counterion exchange occured (o form the complex
(Nia(tppz)H20)g(sqac)z-2.5H20 (9)*%. We found a very compact hydrogen bonded network
of oxygen atoms from the squaric acid molecule {0 the pratons of the coardinated water
molecules around the nickel atoms. Additionally, the water molecules of crystallization are also
hydrogen bonded 1o each other and ta the squaric acid oxygen molecules, The central pyrazine
ring in the complex also has a twisted conformation, the dihedral angle C'"C™ is 10.7(3)", The
intramolecular Ni...Ni separation is 7.488(19)A and the distance to other nickel atoms in the
crystal is in the range from 6.63 to 8.46A. The pseudohalides thiocyanate and dicyanamide
could also coordinate in rickel complexes. [Nip(tppz)(SCN)4(H20)2] (6) and
[Nig(tppz)(N{CN)2)2 (Hz 0)4J(NO3); (7) were characterized by means of elemental analysis,
infrared and electronic absorption spectra, A new coordination mode was found for the
complex [Ni(tppz))J(C{CN}3)72 (E). The large anjon tricyanmethanide forces a decomposition
of the binuclear complex to build a geometry like [M(tppz)y]2*. Here two ligand molecules are
coordinated around the Ni atom.

From reactions of tppz with Cu{ClQO4)3-6H70 and CuClp-2H50 we also obtained binuclear
complexes. The coordination sphere of the copper atoms in the complexes
[Cun(tepn)(Ha0)4 ) (Cl04)4 2H20 (107 and [Cun(tppz)Clal-SHaO (12)7 is in each case a
distorted square pyramid. The central pyrazine ring in 10 is planar and in 12 distorted by
10.18(24)°. Magnetic investigations show a very strong antiferromagnetic behaviour. The
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value 2J was determined to be -61.1 cm! for 10 and -34.2 em"1 for 12. These are high values
which were found for the first time for pyrazine figands. It is proposed that the superexchange
mechanism is propagated through the o-system of the ligand.

From a reaction of tppz with Cu(Cl04)-6H30, in the presence of hydrochloric acid the
chloride bridged complex [CultppzH)Cl]7{C104)4 (11) was obtainedé?. In this complex very
short Cu(1)...Cuf12) and Cu(\)...Cu(lh) distances of 3.446(3) and 3.854{4)A were observed.
Magnetic investigations indicate a ferromagpetic behaviour. Cyclovoltammerric measurements
sbow a stepwise reduction from CuZ*-Cu* 10 a Cu2*-Cu™ and lasily 10 a Cut-Cu* species.
For the oxidation we found only one wave which is less pronounced than the other waves,
From reactions of [Cuy(tppz)(H0)4](C104)4:2H20 with bridging ligands like oxalate and
pyrazine  2.3.5.6-tetracarboxylic acid we assume polymer structures
([Cu(tppz)ox)(H20)2}{C104)2]x (13) and ({Cup(tppz)(HapztcXHz 012 HCI04)2)x (15).
The e.p.r. measurements of 13 indicate an axial spectrum with Cu-Cu interactions in tbe solid
state. In the clectronic reflectance spectra we found one band at 145671 cm'l and a d—=d
transition 2Eg—~2Tog is assumed for an octahedral coordination sphere. The same transition
was observed for 15 at 13935 em-l.

We found, that the chemistry conceming the zinc complexes is very productive. A lot of
coordination possibilities were observed, From reactions with ZnCly and Zn(NO3};-6H70 we
obtained binuclear complexes. The coordination spbere around the zinc atoms in the complex
[Znz(tppz)Cl2] (17) can be described as & strongly distorted square pyramid. The central
pyrazine ring is twisted by an angle of C'"C" of 12.0(5)° and this i3 greater than found for 12
and smaller than found for 4. In the complex [Zog(rppz)(H20)51(NO3)4 1.5H20 (19) we
found a dihedral angle of C'°C" of 12.4(5)° *. In this complex three molecules of water arc
coordinated arcund the zinc atom in an octahedral coordination sphere, the nitrates act as
counterions. From 2 reactioc of 19 with KSCN a new mononuclear compound was obtained. It
is nearly insoluble in all commoo solvems and we assume a polymer structure
[{Zn{tppz)(SCN)} ] (20). The infrared spectra shows a significant shift of the characteristic
bands to higher wave numbers indicating a brideing mode for the thiocyanate. By an equimolar

reaction of 19 with dicyanamide the complex looses one zinc atom. The X-ray structure
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determination vielded the composition [Zn(tppz)N(CN)2)I(NO3)(H20)] (21)*, The protons
of the coordinated water mofefle in the monomer unit are hydrég;gn bonded to a symmetry
related molecule so forming a finear polymer chain structure. From a ceaction with the molar
ratio of [:2 we found the composition [Zn{tppz)2 JIN{CN)2)3-Hz0 (22)%. The coordination
mode of the zinc atom in the centrosymmetric structure is actahedral. We found also that in
this case the central pyrazine rings are distorted by 9.52 and 9.07° The same structure type was
observed for the compound [Zn(tppz)a [(C{CN)3)2 (23), obtained from a reaction of 19 with
the pseudohalide tricyanmethanide®®. The dihedral amgles in this case are 7.65 and 7.60°.
Concerning the coordination behaviour of Zn2* jons with tppz we investigated the ceaction of
[Zn(tppz)(H20)3]1{Cl04)3 with a large excess of ZnCly in an ethanol/water mixture by heating
for several times. The X-ray crystal structure analysis indicates an interesting centrosymmetric
macrocycle® (18). Two highly twisted binuclear zinc complexes are bridged by thr.ee Cl-Zn-Cl
bridges. The macrocycle is neutcal possessing 10 Zn atoms and 20 Cl atoms. There are two
coordinated water molecules in the macrocycle, one to Zn(1) and the other to a bridging Zn(3)
atom. Within the macrocycle there are two hydrogen bonds involving water OW(1) and atoms
C1(2) and CI{3A). A third hydrogen bond links the macrocycle and involves water OW(2) and
atom CI(5) of a symmetry related molecule which forms a three-dimensional network.
Furthermore, ihe mononuclear complexes [Coftppz)CHIC-2H,0 (2),
[Coftppz}(ma)(H20)} 4H20 (3), [MNitppz){ox)(H20)} 5Hy0 (5) and [Zntppz)Clz] (16) were
prepared and investigated by means of X-ray crystal structure analysis.

To summarize, we found that the ligand tppz is flexible enough to coordinate twe metals in a
bis(iridentate) coordination mode, depending on the temperature and the solvents used. The
conclusions of Goodwin and Lions that the pyrazine mucleus was unable (o have both its
nitrogen atems acting simultaneonsly as donors, is herewith refuted. Nevertheless tppz is a
sterically hindered ligand and we found that the central pyrazine ring was distorted in several
complexes. Distortion angles in the range from 8 to 13° were observed, an overview is given in
Table 40. Only the centrosymmetric compound 10 has a planar pyrazine ring. The ligand is able
to form coordination polymers and hydrogen bonded polymer networks after introducing

further bridging ligands. The tppz alone does nar form polymers with metal salts,
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Tab. 40. Overview of the distortion angles(°) between plane C'~C"of the central pvrazine ring

in various complexes containing tppz

bis(tridentate) complexes SR o mooo{iridentate) complexes et
[Nin(tppz){H70)6 IINO3)4 t0.9(d) | [Coftppz){ma)(H20)]-4H40 (3) 2.4(6)
3H0 (4)

Nig(tppz)(H720)s)(sqac)2 10.7(3) | MNi(tppz)(ox¥H20))-5H20 (5} 9.0(%)
-2.5H70 (%)

{Cua(tppz)(Hz0)4(Ci04)4 0 [Cu{tppzH)Cl]2{Cl04)4 (11) 8.0(2)
:2H,0 (10}

{Cua(tppz)Cla) SHO (12) 10.18(24) | [Zn(tppz)Cly] (16) 10.6(2)
{Zmy(tpp2)Cig) (17) 120(5) | {Zn(tppz)(N(CN))(NO3)(H20)] 12.2

21)

[Zny(tppz}(H2Q)6J(NO3)4 12.4(5) | En(tppz)r]l(N(CN)2)2 (22) 9.52,9.07
‘1.5H0 (19)
[Zmo(tppz)pClao(H20)4)(18)  11.6(3} | [Zn{tppza)(C(CN)3)2 (23} 7.65, 7.60

Another object of this work was the investigation of the coordination behaviour of the ligand
tpymt which could offer the possibility to coordinate thres metals in a tris(tridentate) fashion.
Unfortunately, several copper and cobalt salts induced hydrolysis reactions of this ligand. From
a reaction of tpymt with NiSO46H30 we obtained the binuclear complex
[Nia(tpyme)(SO4)2 ' HzO (27) which gave a characteristic infrared spectra for the coordinated
ligand. Reactions with Fedt* and ZnZ% salts yielded only mononuclear complexes. The
crystallization behaviour of compounds containing this ligand is very poor. Many attempts
under different conditions gave no suitable crystals for X-ray crystal studies. Furthermore, we
investigated reactions of tpymt with metal salts containing elements which can form longer

metal-nitrogen bands, With silver(I) salts we obtained products by using of metal to ligand
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ratios of 2:1. For the first time we could determine the siructure of a complex containing
tpymt. In [Cditpymt)Cla(H20)]-3H20 (30) tpymt is mono(lridelntate) and the coordination
sphere around the cadmium ntom ca.n be described as a distonec; 6ctahedmn. The two Cd-
N{pyrimidine) distances are very different, the Cd-N(6) bond length is 0.92A longer than
distance Cd-N(4} of 2.393(21)A. This could be an indication, that the ligand system is not
flexible enough to distort the pyrimidine rings relative to the central planar triazine ring. Lerner
and Lippard® prepared by reaction of tpymt with TINO3 (molar ratio 1:3) a campound with
the composition [Ti7(1pymt)2{NO3)7}. They characietized this product by means of elemenal
analysis. We reproduced this reaction and isolated yellow needles suitable for X-ray diffraction.
We found a thallium complex with the composition tpymt-3TINO3-0.75H20. The thallinm
atoms are siruated in the terpyridine like site, however the distances to the donor witrogens are
too long (2.85-2.95A) to assume coordinative bonds.

The ligand tpymt can coordinate at most two metal ions. The crystallization behaviour of
compounds containing this ligand is very poor. The aim to obtain three-dimensional networks
¢ould not be realized with this ligand.

The coordination behaviour of the third ligand Hgpzic towards divalemt cations was
investigated by Marioni? for the first time. From a reaction of Hypzic with CuCly in a
(CH3CO0);Mg/CH3COOH buffer medium the quasi linear coordination polymer
[Mg(H70)g{Cu{pzte)(H10¥ } - 2H7 0]y (34) was obtained!%. The basic unit consists of a
copper atom locared on a center of symmetry which is coordinated to the pyrazine N-atom and
an oxygen of one carboxylic group on cither side of a square plane. The nan-coordinated
carboxylate groups are inclined by 85.5(2)° to the best plane through the pyrazine ring. The
polymer chains run parallel to the b axis and are separated by the magnesium hexahydrate
cations and the water molecules of crystallization, In the same buffer medium we carried ont a
reaction  of  Hgpztc with MnCl3 and obtained the polymer
{Mg(H20)g{Mn({pztc)(H, 0} } 3H01 (33). Furthermore, we made attempts to introduce
the divalent cation UO72* in the buffer system to obtain new ordered polymer systems, We
could isolate compounds lLike [UO2{Cu(pzic}(H;0)}-14H20], (36) and
[UO9 {Mn(pzic)(H;0)3 }-15H 0] {(35). With the polymers
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MLy {Cualprter(Ha0)2)-9HA01y (M = K. Rb, Cs)0? | and with 34, for the first time sofid
state conductivity investigations were made. All these palymers laose water very quickly and a
structural change accurs. This fact has a strong influence on the conductivity and therefore it
was necessary to dry rigorously to have defined conditions. The pressed discs were cannected
by tin-wire onto silver painted electrodes, The determined resistances of the copper polymers
are abaut 1050 We can infer that the polymers of Hypzic have better conducting properties

than found far the polymers of the 2.5-dicarboxylic acid by Brown!6.



6. Coaclusion

The main work was carty out with the ligand tppz. Only a few structural informations of
compounds containing this ligand were known. For the first time we found that the ligand tppz
is flexibie enough to coordinate twa metals it 3 bis(tridentate) coordination mode. Structural
proofs for some biruclear nickel, copper and zinc complexes were given. We found that tppz is
a sterically hindered ligand, in several complexes the central pyrazine rng is distorted.
Generally we abserved the tendence that the twist angles {C~C") of the bis(tridentate)
complexes are greater than the same in mono(tridentate) complexes with the exeption of
compounds 10, 16 and 21. [n all the crystallographically investigated copper and nickel
complexes the metal- nitrogen {pyrazine) distance are shorter than the metal- nitrogen
(pyridine) distances. For the zinc complexes we observed no such tendance. In compound 18,
19, 21, 22 and 23 tbe Zn-N(pyrazine) bandlength is sharter than the Zn-N{pyridine)
bondlength wehreas in the complexes 17 and 13 it is the reverse. We observed that the dibedral
angle of the coordinated pyridine rings relative to the central pyrazine ring is smaller than the
same angle of the uncoordinated pyridine rings in all of the mononuclear complexes. Because
of ring tention a Opening of the back chelate takes place. In the dinuciear complexes the
tension is reflected in the high ring distorsion with exception of compound 19. To obtain
¢oordination polymers it is neccessary to intraduce further flexible bridging ligands which are
able to coordinate to bis{tridentate) complexes.

It would be useful to test the following bridging ligands, because of their ability to act as
bridging ligand with the complex units [Niz(tppz)(HzQ)gl**, [Cun(tppz)(H0)4]* and
[Zn2(t]:\;:z)(1~120)6}“"r to form eventually coordination polymers: N3-, OCN-, croconic acid,
2,5-dichler-3,6-dihydroxy-1,4-benzochinone. The resulting magnetic and electric properties of
these compounds could be of interest to complete the informations of this substance class,

We worked again with the ligand Hapztc and could introduce divalent cations like Mg2+ and
UQ3* together with manganese and copper as second metal. With various polymers
containing copper conductivity measurements were undertaken. All newly synthesized

polymers fose water during heating or standing in air. A structural change in this compounds is
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assumed and these fact has a sirong influence on the propenies. The determination of the
resistarces, under defined conditions, show resistivities of about 1080, one can discuss it as a
semiconducting material,

The ligand tpymt which was furthermore investigated can coordinate at most twe metal ions.
The aim to obtain three dimensional nerworks could not be realized with this ligand. The fixed
tris(tridentate) sides are too inflexible, because of this reason n ligand such 2.4.6-tris{4-
pyridyl}-1.3.5-triazine leads to more intercsting results. Furthermore it would be interesting to
obtain mixed valence complexes with this ligand to investigate the resulting photochemical and

magnetic properties.
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7. Experimental
7.1. Starting materials

ammonia ( > 99.8%, Fulka)

ammonium acetate { > 99, Fluka)
armmnenium thiocyanate (> 99%, Fluka)
2-chlor-pyrimidine { > 97%, Fluka)
potassium dicyanamide /54, 55/
hydrachloric acid { ~ 99.8%, Fluka)

acetic acid { > 99.5%, Fluka)

potassium cyanide { > 99%, Fluka)
potassium hydroxide ( > 87%, Fluka)
potassium permanganate { > 99%, Fluka)
magnesium acetate tetrahydrate (> 99.5%, Fluka)
malonic acid disodium salt { > 99%, Fluka)
metal salts (Fluka)

sodium oxalate ( >>99,5%, Fluka)
perchloric acid (20%, Fluka)

pyridine { > 99%, Fluka)

o-pyridoine (~99%, Aldrich)
2,3,5,6-tetramethyl-pyrazine ( > 98%, Fluka)
potassium tricyan methanide /57/
trimethylamine (> 98%, ampulle, Fluka)
uranylacetate dihydrate { > 99%, Flukaj
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1.2, Annlytical methods

1.2.1. Infrared spectroscopy
IR specira were recorded on a Peckin-Elmer FT-IR 1720 X spectrometer using KBr pellets,
The absorption bands were determined in wave numbers {¢m-1). The abbreviation for the

described intensities are : vs = very strong, s = strong, m = medium, w = weak, sh = shoulder.

7.2,2. Nuclear magnetic resonance spectrascopy

The num.r. spectra were recorded on a Bruker WP-200 or a Bruker AMX-400. The shift at the

scale is declared in  ppm. The abbreviation for the multiplicities are:
= singlet, d = doublet, t = triplet, m = multiplet, b = broad. The deuterated solvents were

commerciatly available from ICN (99.8%).

7.2.3. Ultraviolet (u.v.) visibel {v.i.5.} spectroscopy
Uwv.-vis spectra were recorded on a UVIKON 810/820; detector: Photomultiplier
R 446 (standard). Quarz dust-plates (1 cm) were used for all measurements in sclution.

Electronic absorption spectra were recorded on a Perkin Elmer, LAMBDA 19.

5.2.4. Thermogravimetric measurements
TG measurements were carried out on a Mettler TA-3000 with processor TC 10, a TG 50

relay and a microbalance Mettler M 3. About 10 mg were used for cach sample.
7.2.5. E.p.r.-measurements
The spectra were recorded on a e.p.r.-spectrometer Varian E 9 and a Brucker ESP 300 E

spectrophotemeter in a 300-4 k range.

7.2.6. Mass spectrascopy .
The spectra were recorded on a Hitachi Perkin Elmer RMU 6 , Nermag R 30-10.
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7.2.7. Magnetic measurements

The magnetic measurements were carried out with a pendulum tvgé magnetometer (MANICS
DSM 8) equipped with a helliu:rn continous-flow cryostat, working in the temperature range
from 300 to 4 K with a Bruker BE1S5 electromagnet. The magnetic field was approximately

15000 G. Calibration of the instrument was made by magretization measurement of 2 standard

strontium ferrite. Diamagnetic corrections were estimated from Pascal’s tables,

7.2.3. Cyclovoltammetric measurements

The voltammetry equipment, controlled by a personal computer, consists of a potentiostat
connected with a programmable digital analog converter (12 Bit x 2kByte) used as a function
generator and a fast wansient recorder for data storage The timing of each experiment was
precisely controlled by 2 programmable counter timer cireuit. The working clectrodes were
platinum microelectrodes with diameters of SOum and §0pm (Leye Kunze GmbH, Leipzig).
The surface were careful polished. A Ag/0.01 AgNO;3 reference electrode was used, the
determined halve-wave potential for ferrocene was E|/3(ferrocene) = 991 Vis. The

background electrolyte was a 0.1 M solution of TBAP in acetonitrile.

7.2.9. X-ray structure analysis

Intensity data were collected at room temperature on a "Stoe AED" 4-circle diffractometer
using MoKa graphite monochromated radiation, A sumerical absorption correction were
applied using SHELX-76'"7, The structures were sobved by direct methods or Patterson and
difference Fourier syntheses using the SHELXS'® or the NRCVAX!? system.

117G, M. Sheldrick, SHELX-76, Program for Crystal Structure Determination, University of Cambridge, UK,
(1976).

85 heldrick, SHELXL-93, Program for the Refinement of Crystal Structures, University of Gdttingen,
Germany (1993).

VPE. J. Gabe. Y. Le Page, J. P. Charland, F. L. Lee, NRCVAX- an [nteractive Program System for structure

Analysis, J. Appl. Crystallogr. 22. (1989) 384.



The refinement was carried out usy NRCVAX!19 or SHELXL-93120. Neutral complex-atom
scattering factors in NRCVAX are from international tables for X-ray crystallography!!. The
majoriry of the H-atoms were lacated from difference maps, the rest was included in calculated
positians. They were either refined isotropically or held fixed, while the nonhydrogen atoms
were refined anisotropically, using weighted fullmatrix least-squares. Crystal data, details of
data collection and structure refinement for the diffecent compounds are given in chapter 8.,
The atomic numbering schemes used are illustrated in ORTEP-N'#, PLUTO!'™ or
SCHAKAL'™ plots.

7.2.10. Electrical conductivity measurements

The schematic equipment is described in chaper 4.5.

7.2.11. Elemental analysis
Elemental analyses were determined in the laboratory of the ETH-Ziirich and the laboratary for
microanzlysis of Ciba Geigy in Basel as well as in the laboratories of the department of

chemistry and pharmacy and the university of Halle/Wittenberg.

1205 HELDRICK, SHELX-B6, Program for solving crystal structures, Uni versity Gottingen (1986),

131K ymoch, International Tables for X-ray Crystaltography, Vol.IV, Birminghara, UK. (1974).

12, K Jjohnson, ORTEP-IL, Report 5138, OaK Ridge Narional Laboratory, Oak Ridge, Tenessee, USA
(1976),

Iy D, Motherwell and W, Cleg, PLUTO, Program for Plotting Molecular and Crystal Strucnares, University
of Cambridge, UK, (1978).

1M4E Keller, Schakn!-88, a Fortran Program for the Graphical Representation of Crystallogrophic Models,

University of Freiburp, Germany, {1988),
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7.3. Syntheses of the new campounds containing tppz

7.3.1. Synthesis of tppz
This compound was prepared by the methiod of Goodwin and Lions, analytical data are

publisited in¥.

7.3.2. Synthesis of tppz:4 HCI-2H;0 (1)

Tppz {100 mg, 0.26 mmol} was dissolved in 20 ml of cone. HCI and stired at room
temperature for 30 min, The solution was evaporated under reduced pressure and the residue
recrystallized from water.

Analcaled.: C 50.52, H 420, N 14.73; found: C 50.03, H 399, N 14.33.
R (KBr, cm-l), W{C=C), AC=N) 1612 vs, 1543 5 1461 s 1428 5 1379 wvs.
uv (H20, am); M max=29T; A2 max=320; £1=6168; £1=6168.
IHonm.r (D70, DSS)y #8774 (m), 6834 (m), &8.19 (m) &7.94(m).

7.3.3. Synthesis of [Co(tppz)CIICI-2ZH20 (2)

CoCly 6Ha0 (371 mg, 1.56 mmol) was dissolved m 20 ml of water in 2 100 m] Erlenmeyer
flask. Tppz (100mg, 0.26 mmol) was added and the mixture was stirred at 70 °C for 30 min.
EtOH (10 ml) was added to dissolve the remaining solid of tppz. The resulting red solution
was stirred at 90 °C for 4 hour, cooled to room temperature and evaporated to dryness. After
crystallisation from EtOH red fine needles were obtained. The product was allowed to dry over
P40)p. Yield: 28%.
Analcaled.: C 5198, H 361, N 1516, found: C 52.08, H 342, N 1518
IR (KBr, con-1); W C=C), {C=N).1636 s, 1597 5, 1543 w; 1510 w; 1472 m; 1456 m; 1416 m;
1386 m.

S UV: (HpQ, nm)  AMmax=295, Aamax=325, g= 6586 ,  g1=6230.
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FAB-mass spectrum (70 eV} {Co(tppz)CI]C1-2H- 0.

m/e relative i}ltensiry (%4} fragment
482 100 {Cottppz)CIT+
446 55 {Cultpp)]*

7.3.4. Synthesis of {Co{tppz)(ma)(H20)]-4H20 (3)

CoClz-6H20 (123 mg, 0.52 mmeol) was dissolved in 20 m! of water in 2 100 ml Erenmeyer
flask. Tppz (100 mg, 0.26 mmol) was added and the mixture was stirred at 90 °C for 30 min.
EtOH (10 ml) was added to dissolve the remaining solid of ippz. To the resuiting red solution
(38 mg, 0.26mmat) of Na-malonate was added and stirred at 90 °C for ! h. The solution was
cooled to room temperature and filtered imo a 100 ml Erlenmeyer flask. After slow
evaporation 1n aic red crystals were obtained. The product was allowed to dry over P40y0.
Yield: 52%.

Anglealed: C 50.66, H 437, N 13.13; found: C 4998, H 414, N 1262
IR (KBr, em-l), {C=C), AC=N): 1573 wssh; 1477 m;, 1400 vssh; 1386 m..
uv H0, nm): M max=300; M max=320; £1=4405; £1=4405.

7.3.5. Synthesis of [Niz(tppz)(Hz0)6](NO3)4-3H20 (4)

Ni(NO3ky x 6HpO (453 mg, 1.56 mmol} was disscived in 20 ml of water in ¢ 100 ml
Erlenmeyer flask. Tppz (100 mg, 0.26 mmol) was added and the mixture was stirred at 90 °C
for 30 min. EtOH (10 ml) was added to dissolve the remaining solid of tppz. The resulting red
brown solutioa was stirred at 90 °C for 4 h, cooled to room temperature and filtered into a 160
ml Erlenmeyer flask. After several days large red brown needles were obtained. The product
was allowed 1o dey over P4O1g. Yield: 38%.

Analcaled: C 3144, H 371, N 1528 found C 31,39, H 365, N 1498
IR (XBr, em-l), {C=C), {C=N): 1600 m; 1573 m;, 1546 w;, 1477 m; 1385 wvssh
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UV (H0,  am) AMmax=295  Aoqax=350,  £=23080,  £,=22890.
7.3.6. Synthesis of [Ni{tppz)(ox)(H30}|-5H,0 (3)

Ni-oxalate 227 mg (1.56 mmol) was dissolved in 20 mi of water in a 100 ml Erlenmeyer flask.
tppz 100 mg (0.26 mmol) was added and the mixture was stirred at 90 °C for 30 min. EtOH
(10 mj} was added to dissolve the remaining solid of tppz. The resulting red brown sclution
was stirred at 90 °C for 4 h, cooled to room temperature and filtered into 2 100 ml Erlenmeyer
flask and evaporated slowly in air. After several days red brown needles were obtained. the
product was allowed 10 dry over P40 ¢. Yield:45%.

Analcaled. C 48.50, H 435, N 13.05; found: C 4833, H 433, N 13.09
IR (KBr, cm'l); HC=C), r{C=N). 1635 vssh; 1600 s, 1569 s,sh, 1479 w;, 1466 w;1403s,
uv (H20, nmy); Al max=290, M max=350; £1=97886; £1=8514.

7.3.7. Synthesis of [Niz(tppz)(SCN)4(H20)3] (§)

NH4NCS (25 mg, 0.33 mmol)} was dissolved in 20 mi of water in a 100 ml Erlenmeyer flask.
{Nig(tppz)(Hz0)5](NO3)4-3H20 (100 mg, 0.11 mmol) was added and the resulting solation
was stimed at 70 °C for 1 h and cooled to room temperature. An orange precipitate was
obtained. After recrystallization from 40 m! water fine crystals were isolated. The product was
allowed to dry over P40, . Yield: 66%.

Analcaled.: C 4132, H 221, N 1722, found: C 4182, H 222, N 1741
R (KBr, em-ly: 3362 br, 2099 vs, sh, 1634 m; 1597 s 1477 m; 1386 ssh.

7.3.8. Synthesis of [{Niz(tppz)(N(CN)2)2(H20)41(NO3)2lx (2)

KN(CN)2 (18 mg, 0.16 mmol) was dissolved in 20 ml of water in 2 100 mi Erlenmeyer flask,
[Niz(tppz)(Hz0)5](INO3)4-:3H20 (150 mg, 0.16 mumol) was added and the resnliing solution

was stimed at 70 °C for 30 min, cooled to room temperature and filtered into a 100 mi
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Erlenmeyer flask. Very fine orange crystals were obtained. The product was washed which
water, recrystallized from a water/MeOH mixre (1:1) and allowed to dry over
P40 0. Yield:48%, '

Analcaled.: C 4033, H 288, N 2016, found: C 41.08, H 355, N 2021
IR (KBr, cm-!): 3242 br, 2309 m; 2240 m; 2187 vs; 166] m: 1599 m; 1568 m; 1468 m; 1399

vs, sh; 1321 v, sh,
7.3.9. Synthesis of [Niz(tppz)2{C(CN)3)2-2H;0 ( 8)

KC(CN)3 (28 mg, 0.22 mmol} was dissolved in 20 ml of water in a 100 ml Erlenmeyer flask.
Nix{tppz)(Ha0)4](NO3)4-3H20 (100 mg, 0.11 mmol) was added and the resulting solution
was stirred at 70 °C for 30 min., cooled to room temperature and filtered off. The orange
precipitate was washed whith water and allowed to dry over P401g. After recrystallization
from & methanol/water solution fine orange plates could be isolated. Yield:61%.

Analcated: C 6395, H 190, N 23.98; found: C 63.55, H 2.35, N 23.50.
IR (KBr, em*1); /{C=C), {C=N): 1599 m, sh; 1569 m; 1542 w; 1480 m; 1468m; 1446m and
1403s; /{CN) 2157vs, sh,

FAB mass spectrum (70 eV} of [Ni{tppz)p (C(CN)3)7-2H,0.

mie rel. intensity (%) fragment

525 28 [{Ni(tppz)z} (C(CN})I*
835 45 (Ni(tpp2l*

4“7 98 [Ni(tpp)[*

7.3.10. Synthesis of {Niz(tppz}(H20)6}(sqac)z-35H;0 ( 2)

{Mn(H;0)4(sqacH)y (57 mg, 0.16 mmol) was dissolved in 20 ml of water in a 10¢ ml
Erlenmeyer flask. (Niz(tppz)(Hz0)g]INC3)4:3H20 (150 mg, 0.16 mmol) was added and the
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resulting soiution was stirred at 70 °C for 30 mun., cooled to rooin tesnperature and filtered
into a 100 mi Erlenmeyer ﬂa;i. Very fine orange crystals were obtained. The product was
washed with water, recrystailized from .a watert/MeOH mixture (1:1}) and allowed to dry aver
P40 10 Yield:75%.

Anal.caled.: C 43.61, H 428, N 1090; found: C 4590, H 456 N 11.05
R (KBr, cmly 1631m; 1597m, 1473br, sh, vs; 1303m.
UV (H0. om)  Ajmax=295;, Momax=350;  £=22120;  £)=20650.

7.3.11. Synthesis of [Cua(ippz){(Hy0)gH(CI0 )4 2850 (10)

Cu(ClOg)> x 6H70 (184 mg, 0.52 mmol) was dissolved in 20 ml of water in & 100 mi
Erlenmeyer flask. Tppz (100 mg, 0.26 mmol) was added and the mixture was stirred at 90 °C
for 30 min. EtOH (10 mi) was added to dissolve the remaining solid of tppz. The resulting
green solution was stirced at 90 °C for 4 h, coaled to roor temperatuce and filtered into a 100
ml Eelenmeyer flask. After slow evaporation in air deep green crystals were obtained, (A better
crystallization ocours with a small excess of Cu(C104)7-6H20). Yield: 58%.

Analcalcd: C 2820, H 274, N 832, found: C 2793, H 301, N 818
IR (KBr, cm-1); » C=C, » C=N: 1626 m, 1599 m; 1495 m; 1477 w, 1424 m; 1390 w,
uv (H20, nm): Nmax=300; M max=362, £1=23340; £1=20830,

7.3.12. Synthesis of [Cu(tppzH)CI]2(CiOy)4 ( 11)

Cu(Ci04)7-6H70 (95 mg, 0.26 mmol) was dissolved in 20 ol of water in a 100 ml Erlenmeyer
flask. tppz (100 ing; 0.26 mmol) was added and the mixture was stirred at 90 “C for 30 min,
EtOH (10 mi) and 1M HCl were added to dissolve the remaining solid of ppz. The resulting
green solution was stirred at 90 °C for 45 min., cocled to room temperature and filtered into a
100 ml Erlenmeyer fask. This cumpou:;d was also obtained by the reaction of CuCly-2H20

with tppz (malar ratio 1:1) and with 1M HCIO4 under the same conditions. Yield: 73%.
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Analealed: C 41.77, H 279, N 1220; found: C 41.94, H 249, N 12.25.
IR (KBr, cm- 1} {C=C), {C=NY. 1626 m; 1614 m: 1601 m; 1589 w,sh; 1571 w; 1549 w;
1533 m; 1469 m;, 1460 m; 144‘2 m; 1403 m;, 1385 m;, 1344 w, 1300 m,
UV (H:0,  am)  Amax™300,  Aomp=360,  £=28380;  £=26050,

FAB-mass spectrum (70 ¢V) of [Cu(tppzH)C1]5(Cl04)4.

m/e relative intensity (%) fraument
551 5. [Cu(tppz)HT*
486 6 [Cuitppz)CIT*

7.3.13, Synthesis of {Cux{tppz)Cly]-SHL0 (12)

CuCly-2H70 (257 mg, 1.56 mmol) was dissolved in 20 ml of water in a 100 ml Edenmeyer
flask. tppz (100 mg, 0.26 mmol) was added and the mixture was stirred at 90 °C for 30 min.
EtOH (10 ml) was added to dissolve the remaining solid of tppz. The resulting green solution
wad stirred at 90 °C for 4 b, cooled to room temperature and filtered into a 100 ml Erlenmeyer
fiask. After several days dark green block like crystals were obtained, washed with a small
amount of water and allowed to dry over P401g. Yield: 53%.

Analcaled: € 3853, H 347, N 1123, found: C 3843, H 338 N 1108
IR (KBr, em-l); v C=C, » C=N: 1635 m; 1595 m: 1542 w; 1474 m; 1420 s; 1385 m.
uv  (H0, amy). N max=306; Amax=363, £1=23430, £7=20420.

F AB-mass spectrum (70eV) of [Cus(tppz)Cla ] SH-0.

mie relative intensity (%) fragment

584 5 [Cup(tppz)ClaT*
549 5 [Cup(tpp)CHTt
514 5 [Cultppa)]*

486 12 [Cun{tppz)CIT+
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7.3.44. Synthesis of [{Cua(tppz)(ox)(1120)2)(C10 )25 ( 13)

Na-oxalate (26 mg, 0.19 mmol} was dissolved in 20 ml of water in a 100 ml Erlenmeyer flask.
[Cur(tppz(H20)4KCl04)4 (100 mg, 0.19 mmol} was added and the resulting green solution
was stirred at 70 °C for 4 h, cooled to room temperature and filtered into a 100 ml Erlenmeyer
flask. After one day very fine green needles were obtained. The product was washed with
water and allowed to dry over P401g. Yield:61%.

Analcaled: C 3718, H 238, N 1001, found: C 3723, H 24[, N 9.93
IR (KBr, e l); {C=C), AC=N}): 1659 vs, 1605 m; 1569 m; 1542 m; 1482 m; 1472 m;
1446 m; 1404 5,

uv (H20, nm}; A max=300, A max=303; £1=8965; £1=7782,

FAB-mass spectrum (70eV) of [{Cus(tppz)(ox){H70)2 HCl04)7]x.

m/e rel. intensity (%5) fragment

836 38 [Cuz(tppz)(ox)(H20)2)(CIO4)*
800 10 [Cuz(tpp2)(0x))(CIO4)2]*

602 i8 (Cuz(tppz)ox)]*

514 50 [Cua(tpp2)]*

451 n [Cu(tppz)]*

7.3.15. Synthesis of {[(Cu(tppz)Cu(terpy)(H70), H{ClO4)2} x ( 14)

226" 2"-terpynidine (44.3 mg, 0.19 mmol) was dissolved in 20 ml of EtOH in a 100 mi
Erlenmeyer flask. [Cup(tppz)(Ha0)4)}(ClO4)4 (100 mg, 0.19 mmol) was added and the
resulting green solution was stirred at 70 °C for 4 f, cooled to room temperature and filtered
into a 100 ml Erfenmeyer flask. ARer one day very fine plates were obtained, The product is
sparingly soluble in all common solvents and was washed with water and allowed to dry over

P40 Yield:28%.
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TR (KBr, cm-!), #(C=C), {C=N): 1598 m, 1578 m, 1500 w, [476 m, 1452 m. 1395 m,
1323m.

FAB mass spectrum (70eV) of [Cu(H2O)2{tppz)Cu(terpy)}{ClO4)y-

mfe rel. intensity (%) fragment

783 12 [Cu(Ha0M(tppziCulrerpyl}*
684 as [{terpy)Cultppz)]*

550 98 [Cuftppz)CIO4)*

529 35 [(terpy)Cu(terpy)]™

451 - 80 [Cultppz)]*

296 88 [Culterpy)]*

7.3.16. Synthesis of {{Cus(tppz)(Hypztc)(H20)2}(CI0)2])x ( 15)

Pyrazine-2,3,5 6-tetracarboxylic acid (48.6 mg, 0.19 mmol) was dissolved in 20 m! of water in
a 100 m! Erlenmeyer flask. [Cua{tppz)(H20)4)(CIO4)4 (100 mg, 0.19 mmol) was added and
the resulting green solution was stirred at 60 °C for 1 b, cooled to room temperature and the
green precipitat¢ was filtered off. The product was washed several times with water and
allowed 1o dry over P40y 0. Yield: T1%.

Anal.caled.: C38.13, H2.18, N 11.12 Cu 12.6; found: C 38.48, H3,16, N 1132 Cu 13.2
IR (KBr, cm-l);, {C=C), {(C=N): 1720 s; 1656 vs; 1598 5; 1495 m; 1478 w, 1424 s, 1405,

7.3.12. Synthesis of [Za(tppz)Cl;] ( 16)

ZnCly (140 mg, 1.04 mmaot) was dissolved in 20 ml of water in a 100 mi Erdenmeyer flask.
tppz (200 mg, 0.52 mmol) was added and the mixture was stirred at 70 °C for 30 min. EtOH
(5 ml) was added to dissolve the remaining solid of tppz. The resulting yellow solution was

stirred at 70 °C for 4 h, cooled to room temperature and filtered into a 100 m! Erlenmeyer
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flask. After standing for one day pale yellow crystals were formed. The product was allowed to
dry over P40, Yield: 38%. )

Analcalcd: C 5488, H 3.07, W 1600, found: C 5351, H 354, N 1552
IR (KB, e by, »{C=C), »(C=00): 1597 vs; 1573 sh; 1540 m; 1475 m; 1456 m; 1444 w; 1405
vs, 1305 m.

uy (H-0, nm): M max=295; Mmax=315, £1=2329, £2=2263.
TH-n.m.r (CD3Cly): 9. 12(mY; 58.68(m); 38.25(m), 58.06(m); §7.76(m); 57.64(m); §7.57(m),
§7.31{m).

7.3.18. Synthesis of [Zna{tppz)Cly] ( 17)

In a 100 ml Erlenmeyer llask, ZnCly (420 mg, 3.12 mmol) was dissolved in 20 mi of a
water/aicohol (1:1) solution. Tppz (200 mg, 0.52 mmol) was added and the mixture stirred at
90 °C for one hour and repeated for several times.. The resulting yellow solution was cooled to
room temperzture and filtered into a 100 mi Erlenmeyer flask. After several days a deep yellow
precipitate was obtained. The product was allowed to dry over P40 g. Yield: 658%.

Analcaled: C 4361, H 244, N 12.71; found: C 4293, H 267, N 1251
IR (XBr, em-1y; AC=C), \C=N): 1594 s, 1575 w; 1475 m; 1456 w; 1407 s5; 1388 m.
Uy (H0, fum): Amax=295, Aymax=315,  &=5772; £7=5562,
TH.NMR (D30, DSS)  &=8.70 (m); 4821 (m); 58.02 (m), &7.69(m).

7.3.19. Synthesis of bis[Zny(p-tppz)H30CH k-ZnClg)(-ZnCl 2)(p-ZnCl3H20)] (18)

Zn{Cl04)y (68.3 mg, 0.26 mmol) and tppz (100 mg, 0.26 mmol) were dissolved in 30 mi of a
waterfalcohol (1:1) solution and stirred at 90 °C for one hour. The resulting solution was
allowed to stand for three days at room temperature. The obtained yellow precipitate was
filtered and dried over P4Oqg. It was identified as the mononuclear Zn(ClO4)y complex. 50
mg of this complex {Zn{tppz)(H70), {ClO4) and 2.03 g ZnCly were dissolved in 15 ml of

water/aicohol (I:1) and the resulting solution was stirred at 90 °C for one hour. A significant
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color change from slight yellow 10 deeper vellow was observed. ARer several days a white
precipitate was obtained and filtered off The filtrate was allowed to stand in a closed
crystallizer for two months, deep yel]ov; crystals were obtained. The product was allowed to
dry over P40/ q.

IR {XBr, am 1), {C=C), HC=NY: 1605 s, 1597 5, 1547 w; 1473 s 1456 w; 1412 5, 1388 w.
uv (H0, nm): M max=295; Mmax=315.
MHonmr (D0, DSS) 6<8.7¢ (m), #8201 (m) 88.02 (m) 87.69(m).

7.3.20. [Zna(tppz)(H20)5){NO3)4 1.5H20 ( 19) -

In a 100 ml Erlenmeyer flask, Zn(NQ3) x 6 HyO (460 myg, 1.56 mmol) was dissolved in 20 ml
of 2 water/alcohol {1:1) solution. tppz (100 mg, 0.26 mmol) was added and the mixture stirred
at 90 °C for one hour. The resulting yellow solution was cooled to room temperature and
filtered into a 100 ml Erlenmeyer flask. After several days, deep vellow crystals were obtained.
The product was allowed to dry over P4Oyq. Yield: 42%.

Analcaled: C 3084, H 385 N 1499, found: C 2953, H 364, N 1498
IR (KBr, cmrl), w(C=C), »(C=N) 1595 m, 1574 w, 1538 w;, 1476 m, 1385 ws.
ov (H,0, am): Mmax=29%, Aomax™320; £1=4060;, £7=3880.
M-nmr (CDCl3 1| drop DMSO): #8.62(m), §7.76(m) §7.66(m), 5743 (m).

145



7.3.21. Synthesis of [{Zn({tppz){SCN)2i, ( 20)

NH4NCS {16 mg, 0.22 mmol) was dissolved in 20 ml of water in a 100 ml Erfeameyer flask.
[Z0y(tppz)(H20)gHNO3)4 1.5H0 (100 mg, 0.11 mmol) was added and the resulting
solution was stirred at 70 °C for 30 min, cooled to room temperature and filtered off The
yellow precipitate was washed whith water and allowed to dry over P40 . Yield:62%.
Anal.caled: C 54.79, H 231, N 1967, found: C 54.60, H 298, N 19.59.
iR (KBr, cor'1); wC=0), HC=N): 21715, 2080 sh,s, 1598m, 1574m, 1563, 1545w, 1540m,
1500m, 1463m, 1452m, 1440m, 14253m, i398m.

Tab, FAB-mass spectrum (70 V) of [{Zn(tppz{( SCN)2)x.

mfe rel. intensity (%) fragment
511 25 {Za(tppz)(SCNYJH
569 15 [Zn(tppz)(SCMN)oJ+

7.3.22. Synthesis of [Za(tppz)(N(CN)2)(H20)(NO3)] (21)

KN(CNY), (25 mg, 0.24 mmol) was dissolved in 20 ml of water in a 100 ml Erlenmeyer flask.
[Zny(TPPZ)H20)6)(NO3)4:1.5H20 (150 mg, 0.16 mmal) was added and the resulting
solution was stirred at 70 °C for 30 min, caoled to room temperature and filtered into a 100 ml
Erlenmeyer flask. After one day very fine yellow crystals were obtained. The product was
washed whith water and allowed to dry over P4O1¢. Yield:61%.

Analcaled: C 52.08, H 300, N 2337, found C 5238, H 313, N 23.40
IR (KBr, cm'l): 3245 br; 2309 m; 2241 m; 2187 vs; 1599 m, 1568 m; 1468 m; 1399 m.
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Tab. FAB-mass spectrum (70 V) of [Zn(tppz)}{(N{CN)}(H20)X(NO3)).

mie rel. inlen;i:v (%6} fragment
453 18 [Zn{tppz}}T
519 20 [Zn(tpp2){N(CNW}T*

7.3.23. Synthesis of {Zn{tppz)2[{N{CN)2)7-H20( 22

KN(CN); (50 mg, 0.4% mmol) was dissolved in 20 ml of water in a 100 ml Erenmeyer flask,
{Znz{tppz)(H70)g}(NO5)4-£.5H20 (150 mg, 0.16 mmol) was added and the resulting
solution was stitred at 70 °C for 30 min, cooled 1o room temperature and filtered into a 100 m!
Erlenmeyer flask. After recrystallization from a water/MeOH mixture very fine yellow needles
were obtained. The product was washed whith water and allowed to dry over
P4010. Yield:56%.

Analcaled: C 6003, H 327, N 2424; found: C 60.55, H 311, N 2415
R (KBr, em~1): 3776b; 2300w; 2277m; 2165m; 2128vs; 1597m, 154dm; 1470m;
1444m; 1401s;

uv M0, nm): A max=298; Aomax=318;,  £;=4560; £3=4080.
7.3.24. Synthesis of [Zn{tppz)7](C(CN)3)3 (23)

KC(CN)3 (14 mg, 0.11 mmol) was dissolved in 20 m! of water in a 100 m! Erlenmeyer flask.
[Zna{tppz)(H20)51NO1)4-1.5H20 100 mg (0.11 mmol) was added and the resulting green
solution was stirred at 70 °C for 4 h, cooled o room temperature and filtered into a 100 ml
Erlenmeyer flask. After one day very fine green needles were obtained. The product was
washed with water and allowed to dry aver P401q. Yield:61%.

Anal. caled: C 6146, H 219, N 2304, found: € 6124, H 341, N 2243,
IR (KBr, em!): 2128 vs, 2185 m alnd 2227m; 1597 m, sh, 1568 m; 1543 w, 1480 m;
1468 m; 1445 m; 1401 s.
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uv  (H-0. nm): A max=298; Mmax=318.  g=3990; £7=3690.

Tab. FAB-mass spectrum (70 eV) of {Za(tppz)p (C(CN)3);.

m/e rel. intensitv (%5) fragment

931 12 (Za{tppz)2(C(CNY3)T*
841 25 (Za(tppz)2}*

543 40 [Zn(tpp2)(C(CN)3)T*
453 60 [Zn(tpp2)]*

7.4.1. Synthesis of tpymt

This ligand was prepared according to the literature procedure /1&/,
R (KBr, cm'l), #(C=C), w(C=N) 1568m, 1536s. 14455, 1430m, 1378s.
IH-n.m.r, (DyO/DSS). 89.11(d, 2H, 3J(H,H)=4.94Hz); §7.85 (1, 1H, 3J(y.p)=4.94Hz).

7.4.2. Synthesis of tpymC4HCI-2H,0 ( 24)

Tpymt (100 mg, 0.31 mmol) was dissolved in 20 mt of conc. HCl and stirred at room
temperature for 30 min. After addition of acetone a precipitation of the hydrochloride salt
occurs. The product was allowed to dry over P4010.

Anal. caled: C 3623, H 301N 2536, found: C 3545 H 238%, N 2530
IR (KBr, cmrl), »{(C=C), »{C=N): 1660m, 1595w, 1553vs, 1510w, 1400w and 1373w
IH-n.m.r. (D;0/DSS): 68.98 (d, 2H, 3J(H‘H)=4.85H.z); 57.85 (1, 1H, 3J(H.H)=4.86Hz).
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7.4.3. Synthesis of complexes with tpymt and M-perchlorate salts with ¥= Fe(I), Co(Il),
Ni(IN), Zn(IT) and Ag(T) ( 25a-2

A 100 ml erlenmmeyer flask is charged with 2 magnetic stirbar and (200 mg, 0,65 mmol}
tpymt in 20 ml of water was added. ARer heating the solution up to 60 °C (1.90 mmoal) of the
corresponding perchlorate salt was added. The reaction mixture was stirred at 60 °C for one
hour. The solution was alfowed to stand for 24 h, The precipitate was filtered off and washed

severat times with water and dried over P40

complex colour ¢lemental  analyses|yield in % |infrared
I=cale..2=fud.,C.H.N C=C,C=N

[Fe{tpymt{H20h1] | red powder 1: 26,91, 1.35, 18.83 |54

{Cl04)1] (a) 2:25.30, 1.80, 17.43

[Co(tpymt)(Hy0)] arange powder | 1:31.44, .58, 22,00 |48 1656 m

(ClOg)2 (b 231,78, 2.00, 22.11 1586 s
1480 m
1407 5
1376 sh, w

[Ni(tpymt}(HaOY;] |green powder |1:29.56,213,20.69 |62 1657 5

(ClO4) IH0 (&) 2:29 .83, 2.56, 20.50 1567 vs
1419 m
1407 s

[Zo(tpymt)(H20)21 | yellow crystals | 1:27.64,2.61, 19.34 |39 1660 m

(C104)2)-2H20 (d) 2:27.73,2.51,19.34 1558 vs
1484 m
1440 vs
1386 w




[Aga(tpynn)- orange powder [1:24.65 123,1729 (72 . 1537 sh, vs

1
i

(Cl04)2] (e) - 2: 27.90, 1.59. 18.81 1430 w

Agy2.727.26% 1574 sh, s

7.3.4. Synthesis of [Fe{tpymt)Cl3] { 26)

A 100 ml Erlenmeyes flask was charged with a magnetic stinbar and (200 mg, 0,65 mmo!) of
tpymt in 20 ml of water was added. Adter heating the solution up to 60°C (514 mg, 1,% mmol)
of FeCly6 Ha0 was added. The rcaction mixture was stimed at 60°C for one hour. After
cooling to room temperature the solution was ailowed to stand for several weeks, yellow
crystals were obtained. The product was allowed to dry aver P401¢. Yield. 65%.

Anal. caled: € 3773, H 19, 264; found: C 3743, H 216, N 25.57.
IR (KBr, eml), #C=C), oC=N) 1578m; 1561w, 1539shvs; 1428w, 13745

7.4.5. Synthesis of [Nig{tpymt)($04);]-2H20 (27}

A 100 ml Erfenmeyer flask is charged with a magnetic stirrbar and (100 mg, 0.32 mmol) tpymt
in 20 mi of water was added. After heating the solution up to 60 °C (260 mg, 0.96 mmol) of
NiSO4 6H20 was added. The reaction mixture was stirred at 60 °C for one hour. The selution
was allowed to stand for 24 h and precipitated with EtOH. The product was allowed to dry
over P401¢. Yield: 65%.

Anal. caled.: € 25.21, H 2.66, N 17.62, Ni 16.4; found: C 24.99, H 2.99, N 17.21, Ni 16.3.
IR (KBrem-l), #C=C), #(C=N) 1590s, 1566m; 1497w; 14125; 1385m.

7.4.6. Synthesis of [Za(tpym1)Cly] ( 28 )

A 100 ml Erenmeyer flask is charged with a magnetic stirbar and (200 mg, 0.63 mmol)
TPymT in 20 ml of water was added. After heating the solution up to 60 °C (259 mg, 1.9

mmol) of ZnCly was added. The reaction mixture was stirred at 60 °C for one hour. After
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cooling to room temperature the solution was allowed to stand for several weeks, a yellow
precipiiate was obtained. The product was allowed to dry over P4Qyg. Yield: 32%.

Anal. caled: C 27.64, H 261, N 19.34; found: C 27.73, H 251, N 19.43.
R (KBrem !y, o(C=C), #C=N) 1660m:; 1558vs; !484m; 1440vs; 1386w
IH-n.m.r. (D»0,DSS): 5905(d, 2H, 3I(H_H)=4.93Hz); 67.80 (1, [H, 3J(H_H)=4.93Hz).

7.4.7. Synthesis of [Aga(tpymt)(H20)21SO,4 { 29)

A 100 ml Erlenmeyer flask is charged with a magnetic stirrbar and (100 mg, 0.32 mmol) tpymt
in 20 m! of water was added. After heating the sclution up 1o 60 °C (297 mg, 0.96 mmol) of
AgaS04 was added. The reaction mixture was stirred at 60 °C for one hour. The formed
orange solution was filtered and evaporated at room temperature. After several weeks orange
crystals were obtained. The product was allowed to dry over P401g. Yield: 56 %.

Anal. caled. C 27.15, H 196, N 19.00; found: C 2765 H 159 N 18.96.
R (KB, oml)y MC=C), WC=N) 1577w; 1537wssh; 1428w, 1374s.
THonmr (DoO/MDSS): $026(d4, 2H, 3igppy=4.aHz) 88.030, \H, 3igryg=5.28z)

7.4.8 Synthesis of [Cd{tpymt)Cl2(H+0)] x 3 H,0 { 30)

A 100 m! Erlenmeyer flask is charged with a magnetic stirrbar and (200 mg, 0.63 mmol) tpymt
in 20 m! of water was added. After beating the solution up to 60°C (330 mg, 1.90 mmol) of
CdCl; was added. The reaction mixture was stirred at 60°C for one hour. After cooling to
room temperature the solution was allowed to stand for several weeks; yellow cream needles
were obtained, Yield: 46 %,

Anal. caled: C 3488, H 213, N 24.4; found: C 3457, H 191, N 23.85.
IR (KBrem-l), #C=C), »(C=N) 1578s;  1553vs,  1425shw;,  1374ws.
U8 -nmr. (DO/DSS): 89.23 (d, 2H, Iiy1)=4.9THz); 67.95(t, 1M, Iy=pyy=4.96Hz).



7.4.9. Synthesis of tpymt 3 ITINO3-0.75H20 ( 31)

A 200 ml round bottom flask is charged with a magnetic stirming bar and (200 mg, 0.63 mmol)
of tpymt and (507 mg, 0,63 mmal) of TINO5 dissolved in 100 ml of water were added. The
reaction mixiure was refluxed three times for 8 hours. The ligand was partially dissolved. After
filtering the pink solution it was left ta evaporate at room temperature, After several weeks
pink ncedles were obtained. The product was allowed to dry over P401q. Yield: 42%.

Anal. caled: C 16,17, H 0.80, N 1509, found: C 1593, H 095, N 14389,
IR (KBr cml); #(C=0C), #{C=N):  1534vs,  1430m;  1373s.
lH-nmr (D;0/DSS). 89.05(d, 2H, 3J(H-H)=4.93Hz); §7.80(t, IH, JI(H-H)=4.93Hz).

7.5, Synthesis of new poalymers containing Hypztc
7.5.1. Synthesis of pyrazine-2,3,5,6-tetracarboxylic acid ( 32 )

In a 2 | three necked round bottom flask equipped with refiux condenser, thermometer and
mechanical stirrer {(4.4g, 0.032 mol) of 2,3,5,6-tetramethylpyrazine and 10g of KOH was
dissolved in 1.4 | deionized water at 90°C. KMnOy4 (130g, 0.16 mol) was then added in 5g
portions over a period of three hours, each subsequent addition of KMnQ,4 being made after
the violet color of the solution disappeared. The mixture was refluxed for an additional hour.
The reaction mixture was cooled to 70°C and three portions of 5mi ethanol was slowly added
to destroy any excess of KMnQ4. The mixture was filtered and the brown precipitate of MnOy
was washed with three portions of hot water {250 ml), such that the filtrate gave no violet
color upon addition of a FeSQ4 solution. The filtrate and washings were concentrated to 250
ml under reduced pressure at 40°C, 16% HCI was slowly added to the solution until a pH of 4-
5 was obtained, The solution was cooled to 0°C and a white precipitate of the corresponding
potassium salt of tetracarboxypyrazine was formed. The precipitate was recrystallized from
20% HCI (at 70°C) resulting in a white solid, identified as pyrazine-2.3.5 6-tetracarboxylic
acid. Yield 64%; melting point 196°C.
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R (KBr, em-l)} 12765, 1339s; 1386s; (4555 1746vs.  3220b;  3456b
IH-nmr: {CDCl3) 65.25 (s, b). w.v.: (H20, nm) )‘(max) =202

7.5.2, Synthesis of {Mg(H20)g{Mn(pztc)(H,0)2}-3H,0] ( 33)

To a solution of MnCly (244 mg, 1.94 mmol) dissolved in 20 ml of H»Q a solution of
tetracarboxypyrazine (500 mg, 1.94 mmof) in 20 ml of water was added. The reaction mixture
was stirred at 50°C under Na. To this 30 ml of a 2 M acetic acid/ magnesium acetate buffer
(equimolar) was added bringing pH to 4.8 - 5,0. The resulting yellow solution was stirred for
15 min and cooled to room temperature. The solution was filtered and allowed to evaporate
slowly in air. A yellow precipitate was obtained.

Anal caled: C 1877, H 391, N 547 found: C 1887, H 380; N 546
IR (KBr, cml)y 11815, 1214s; 1320s; 1427ssh; 1605s; 16565, 3407h.

2.3, Synthesis of the [Mg(H20)g{Cu(pztc)(H10)2}-2H10], (34 )

To a solution of CuCly (260mg, 1.94 mmol) dissolved_ in 20 m! of H;O a solution of
tetracarbaxypyrazine (500 mg, 1.94 mmol) in 20 mi of warer was added. The reaction mixture
was stirred at 50°C under N3.To this 30 ml of a 2 M acetic acid/ magnesium acetate - buffer
(equimolar) was added , bringing pH to 4.8 - 5.0. The resulting green solution was stirred for
15 min and cooled to room temperature. The solution was filtered several times and allowed to
evaporate slowly in air. After a few of weeks green crystals were obtained,

Anal. caled: C 1846, H 3.84; N 538, found: C 1828 H 354, N 540
IR (KBr emly 1150s; 11753, 1307ssh;  1416s,sh;  1645brs 3405,

7.5.4. Synthesis of {UO2{Mo(pztc)(Hz0)}-15H,0]4 (35)

To a solution of MnCly (240 mg, 1.94 mmol) dissolved in 20 ml of HyO a solution of

tetracarboxypyrazine {500 mg, 1,94l mmol) in 20 ml of water was added. The reaction mixture
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was stirred at 50°C under N3, To this 30 ml of a 2 M U02(CH;C00)/CH;CO0H buffer
(equimalar) was added , bringing pH ta 4.8 - 5.0. The resulting yellow solution was stirred for
15 minutes and cooled to room terﬁperalure. The solution was filtered and allowed to
evaporate slowly in air, A green precipitate was obtained.

Anal. caled: C 1087, H 385 N 317, found: C 1.9 H 142, N 3.15
IR (KBr, cm1) 1190m; 1322m; I346m; 1398s; 16355 16665, 3333b.

7.5.6. Synthesis of {{(UO2)Cu{pztc)(H;0)3) 14H10]y (36}

To a salution of CuCly (260 mg, 1.94 mmol) dissolved in 20 ml of H20 a solution of
tetracarboxypyrazine (500 mg, 1.94 mmol) in 20 ml of water was added. The reaction mixture
was stirred at 50°C under N5. To this 30 mt of a 2 M UO»{CH3CO0),/CH3COOH buffer
(equimolar) was added , bringing pH to 4.8 - 5.0. The resulting yellow solution was stirred for
15 min and cooled 1o room temperature. The solution was filtered and allowed to evaporate
slowiy in air. After a few of weeks, a yellow precipitate was obtained.

Anal. caled: C 1097, H 366, N 321: found: C 11.05; H 269, N 1.5
IR (KBr, cm'1); 11565, 121iw;, 1314m; 1344m; 1392s; 1651s; 1684s; 3348b.
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Overview of all oew synthesized complexes of tppz
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